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ABSTRACT 


The Thomson formation consists of a thick series of slates, graywacke-slates, and 
graywackes exposed over a large area southwest of Duluth, Minnesota. The forma- 
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tion has been variously correlated but in recent years has usually been considered 
the equivalent of the Animikie-Virginia slate of the Mesabi range. Detailed work 
in the past three years suggests that this correlation is untenable and that the 
formation is pre-Algoman. Detailed evidence is given, and the progressive meta- 
morphism of the formation toward the south is described. 
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Ficure 1—Map showing areal relations of the Thomson formation 


The revised correlation suggests the possibility of the occurrence of upturned 
Biwabik iron formation in the 50-mile covered interval between Cloquet and the 


Mesabi range. 
The data likewise throw some doubt on the correlations proposed for the Cuyuna 


range about due west of the southern exposures of the main Thomson area. 


STATEMENT OF THE THOMSON PROBLEM 


The Thomson formation has been referred to in the literature as 
Thomson slate, St. Louis slates, Cloquet slates, and Carlton slate, but 
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Thomson slate has priority (Wilmarth, 1938, p. 2141). It is unneces- 
sary here to review this usage in detail. The writer suggests that the 
term Thomson formation replace Thomson slate, because more than 50 
per cent of the exposed portion of the formation is graywacke. 

The correlation of this formation with other formations in the Lake 
Superior region has been debated since the first suggestion by Irving 


TasLe 1—Geologic formations of the area 


Hinckley sandstone 


Fond du Lac beds 
Keweenaw Point volcanics 


Sandstone 


Conglomerate 
Unconformity 


Unknown 


(1883, p. 162), but heavy glacial drift and, to a lesser extent, the lack 
of detailed mapping have left the correlation doubtful. Data now 
available eliminate certain suggested correlations and indicate a 
probable solution. The suggested correlation bears significantly on 
the geology of adjacent covered areas, as well as on correlation problems 
involving the Mesabi and Cuyuna iron districts. 


FIELD WORK AND ACKNOWLEDGMENTS 

This paper is based principally on detailed mapping of the Thomson 
formation in 1939 and 1940, with a short restudy of critical localities 
in 1941. The work is part of a project of the Minnesota Geological 
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the Duluth Metropolitan Area. Mr. Ray Knudsen rendered efficient 
help as field assistant in 1939 and 1940. Professor Frank F. Grout 
has aided with many suggestions and criticisms. 

A grant from the Graduate School of the University of Minnesota 
assisted laboratory studies and preparation of the manuscript. 


GEOLOGIC SETTING 


The Thomson formation outcrops west and southwest of Duluth in 
St. Louis, Carlton, and Pine counties, Minnesota, on the north limb 
of the Lake Superior geosyncline. The general areal relations are 
shown by Figure 1. Formations adjacent to the Thomson are given 
in Table 1. 
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Near the west limits of Duluth, the Thomson is overlain by the 
Lower Keweenawan Puckwunge sandstone and conglomerate. Exposures 
of the conglomerate are limited, but a newly discovered outcrop in the 
channel of the St. Louis River in sec. 15, T. 48 N., R. 16 W., exhibits 
direct contact with the slate (Pl. 1, fig. 1). This exposure was dis- 
covered during low water when the entire flow of the St. Louis River 
was diverted by the Thomson dam and power canal. Winchell (1899, 
p. 13) described other exposures of the conglomerate and sandstone 
very near the slate and the Keweenawan sediments. 

At places along the escarpment facing the slate the lowest Keweena- 
wan basalt flow overlies the Puckwunge formation, proving that the 
metamorphic Thomson formation is overlain by the lower Keweenawan 
unmetamorphosed sandstone and conglomerate with great structural 
discordance. Farther north (Fig. 1) the Duluth gabbro transgresses 
both the Middle Keweenawan volcanics and Lower Keweenawan sedi- 
ments and has metamorphosed the Thomson to a hornfels, as may be 
seen along the headwaters of the Midway River in sec. 6, T. 49 N., 
R. 15 W. 

From Fond du Lac on the St. Louis River southwest to the village 
of Sturgeon Lake, the Thomson and Hinckley exposures are separated 
by a wide covered zone. At Fond du Lac the Fond du Lac beds lie 
above the Puckwunge formation, but though the interval is small the 
exact relations are not determinable. Whether the Fond du Lae and 
Hinckley beds lie directly on the Thomson slate at places is unknown, 
but they are unconformably above the Thomson in the St. Louis River 
valley near Fond du Lace. 

South and west of Denham in northwestern Pine County the Thomson 
is intruded and metamorphosed by granite of probable Algoman age 
(Grout and Thiel, 1940). These relationships have a very important 
bearing on the age of the Thomson as will be presented in detail. 

There are no outcrops between the Thomson formation in Carlton 
County and the Mesabi range, where the gentle dip of the Virginia 
slate has been suggested as the reason for correlating the two forma- 
tions, despite the fact that the Virginia is not a true slate, but rather a 
series of highly indurated shales lacking the slaty cleavage (Leith, 
1903, p. 169) so characteristic of the Thomson. Data presented in this 
paper seem to prove that the Virginia and Thomson are not correlative 
and suggest that the geology is complex in the intervening 50-mile 
covered zone. 

West of Carlton County slate outcrops are uncommon, but, on the 
Cuyuna range, iron-bearing formation, slates, and schists are known 
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in mines and in drill holes. These have been called Animikie, but 
uncertainty exists. 


AREAL DISTRIBUTION OF THE FORMATION 


The main area of outcrops of the Thomson formation shown on 
Figure 1 extends from 3 miles west of the Duluth city limits south- 
westerly to the St. Louis River at Cloquet. From Cloquet exposures 
occur in a belt a few miles wide extending southwesterly to Denham 
in Pine County. 

Most of the exposures occur along the St. Louis River between 
Cloquet and Fond du Lac and from the city of Carlton southwesterly 
along an old valley where the glacial lakes of the Superior basin over- 
flowed into the Kettle River drainage. Much farther southwest certain 
phyllites and schists on the Mississippi River in and near Little Falls 
are probably to be correlated with the Thomson formation (Harder 
and Johnston, 1918). 

In the region about Carlton, Thomson, Scanlon, and Cloquet, ex- 
posures are abundant, many as typical roches moutonnées (PI. 1, fig. 3) 
in long structurally controlled east-west ridges. The graywackes are 
more resistant than the slates and consequently form many of these 
ridges. The south slope is characteristically a dip slope (Pl. 1, fig. 2), 
and the north slope often a joint plane. Joint and fault planes often 
mark the abrupt ends of the ridges. Diabase dikes which trend about 
N. 30° E. form gaps in the ridges and are believed to follow faults 
because they offset the ridges. 


CHARACTER OF THE FORMATION 
ROCK FACIES 

General statement—The Thomson formation consists of interbedded 
slates, graywacke-slates, and graywackes, varying southwesterly with 
the progressive metamorphism to phyllite, mica schist, and garnet-mica 
schist. Locally graywacke excludes other facies, but between Cloquet 
and Scanlon slate greatly predominates. Ripple marks occur at a few 
places, but other primary sedimentary structures are not conspicuous. 
By and large, however, alternation of the three principal facies is 
characteristic. An excellent exposure of an 830-foot typical section 
along the St. Louis River in the gorge below the Thomson dam shows 
the following proportions: graywacke 48.5, graywacke-slate 25.2, slate 
26.3. Although these proportions cannot be applied to the entire forma- 
tion, they probably are representative and emphasize the desirability 
of using the term formation instead of slate. 
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Distribution of facies—Between Scanlon and the north side of 
Cloquet, slate beds exclude graywacke for considerable thicknesses. 
Along the north side of Cloquet, near and in the St. Louis River, massive 
beds of graywacke predominate (Pl. 1, fig. 2). At one place 25 feet 
of graywacke beds exclude slaty beds. Extensive continuous exposures 
in the gorge of the St. Louis River below the Thomson dam are at 
least 50 per cent graywacke. Carbonate concretions characterize all 
facies. 


Slate——The slate beds of the formation have well-developed slaty or 
flow cleavage. Thin sections from several of the best exposures show 
mainly sericite, quartz, carbonate, chlorite, feldspar, leucoxene, epidote, 
and magnetite. Under high magnifications the well-oriented (Pl. 2, 
fig. 1) sericite is conspicuous and constitutes 40 to 50 per cent. Much 
of the remainder is clastic quartz with occasional clastic feldspar. Large 
carbonate grains perhaps represent incipient metacrysts. Finest-grained 
specimens contain considerable translucent material, probably kaolinite. 
Other specimens have more chlorite and epidote and less sericite. Bed- 
ding often shows even in hand specimens. Dark irregular carbonaceous 
streaks are abundant in local beds. 


Graywacke—The thickness of graywacke beds ranges from a few 
inches to many feet. Locally thickness varies greatly within a few 
feet. Most beds are relatively fine grained, but in some angular clastic 
grains can be recognized megascopically. The coarsest graywacke 
observed occurs in the north bank of the St. Louis River in sec. 13, 
T. 49 N., R. 17 W., and has subangular grains up to 3 mm. in diameter. 
An exposure on Highway 61 3 miles southwest of Carlton contains a 
few siliceous pebbles and concretions. 

Many varieties of the graywacke examined in thin section are essen- 
tially identical except for grain size. The grains are mainly subangular 
(Pl. 2, fig. 2) quartz, but twinned feldspar grains are not uncommon. 
The groundmass is very fine fragmental quartz with chlorite, sericite, 
and less commonly leucoxene, tale, limonite, and sphene. Chlorite and 
sericite are usually oriented. Metacrysts of siderite occur in some beds, 
enclosing quartz fragments and showing oxidation. Many large frag- 
mental grains are rounded, and recrystallization has developed an 
internal mosaic. Secondary growth was observed. Unusual softness 
of some massive graywackes in the field suggests a high carbonate con- 
tent. However, thin sections show minor carbonate, but an abundant 
chlorite matrix. 


Graywacke-slate—A common type interbedded in the Thomson series 
is intermediate between slate and graywacke. It differs from the typical 
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Ficure 1. PuckwuNGE CONGLOMERATE 


Lying directly on Thomson slate. St. Louis River channel. Sec. 15, T. 48 N., R. 16 W. 


Ficure 2. GRAYWACKE Beps Dippinc SouTH 
Along east bank of St. Louis River opposite Cloquet. 


Ficure 3. Roche Moutonnfé tn THOMSON RESERVOIR 
Typical of many exposures in the Carlton area. 


OUTCROPS OF THOMSON FORMATION 
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Ficure 1. Texture or Typicat THOMSON Figure 2. Fine-Grainep GRay- 
SLATE WACKE 

Except that bedding parallels cleavage. Quartz and feldspar with matrix of sericite 

Mainly quartz, sericite, and chlorite. X80. and chlorite. X80. 


Ficure 3. Meracrysts oF CARBONATE IN Ficure 4. Typicat Facies 
THomson SLATE Mainly quartz, biotite, and muscovite. X80. 
Characteristic texture of many carbonate- 
bearing slate beds, Cloquet. X80. 


Figure 5. GRAYWACKE-PHYLLITE Ficure 6. GARNET METACRYST WITH QUARTZ 
Gray is muscovite and chlorite. White is INCLUSIONS 
quartz. Dark streaks are graphite along later Groundmass is quartz and muscovite. SE4 
shear planes. NW Sec. 35, T. 48 N., R. Sec. 19, T. 45 N., R. 21 W. X35. 

18 W. X35. 


PHOTOMICROGRAPHS OF THIN SECTIONS OF THOMSON BEDS 
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slates in being obviously more quartzose, more massive, and having 
less flow cleavage. The beds are not so massive as the typical gray- 
wackes and have a definite cleavage which is entirely lacking in some 
graywackes, although thin sections usually show orientation of the 
micaceous minerals. 

The minerals of the graywacke-slate are quartz, feldspar, chlorite, 
and sericite, with small amounts of carbonate and leucoxene. There 
is more chlorite and sericite than in typical graywacke and much very 
fine fragmental quartz. The quartz content is higher than in the 
slates, and the clastic grains are somewhat coarser. 


Carbonate concretions—Characteristic of the Thomson formation are 
the abundant carbonate concretions. They are described in more detail 
in a separate paper (Schwartz, 1942), but a brief summary is given 
here. They occur throughout the entire formation. Many occur near 
the tops of beds, but some are scattered in massive beds. They usually 
occur in zones parallel to the beds and are a valuable guide to the 
dip and strike (Pl. 4, fig. 1). They range from nodules less than an 
inch in diameter to irregular rounded masses with a long dimension 
of fully 3 feet. They are most commonly roughly prolate ellipsoids. 
Same are elongated and flattened in the plane of the cleavage which 
passes through them. Most of the concretions are mainly calcium 
carbonate, but iron carbonate and probably manganese carbonate 
locally oxidize to a yellow and black residue. The texture varies from 
coarse radiating aggregates forming concentric shells to a rather dense, 
fine-grained massive carbonate. Clastic quartz is commonly enclosed 
in the concretions. 


Siliceous-carbonate lenses in slate——Thin siliceous-carbonate lenses 
are characteristic of certain exposures in and near Cloquet that N. H. 
Winchell (1899) referred to in his description of the Carlton area. Their 
most unusual feature is their resemblance to bedding, but they are 
oriented with the flow cleavage (PI. 3, fig. 3), and the relation to the 
bedding is that usually found on the limbs of folds (Pl. 3, figs. 1, 2). 
Thin sections show that carbonate is not abundant and the carbonate 
grains are embedded in a matrix of mainly fine fragmental quartz. It is 
not possible to prove orientation of the lenses with the bedding and 
reorientation during rock flowage, but either this is the case or they 
represent segregation during development of the slaty cleavage. The 
fact that the bedding may be traced across the lenses suggests that they 
represent only a partial rearrangement of original constituents. 

Thin sections (PI. 2, fig. 3) show predominant clastic quartz grains, 
but also two carbonates, a clear transparent variety distributed through- 
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out the slide, and another forming clusters or skeletal metacrysts, either 
siderite or some iron-bearing carbonate now stained with limonite. 

A section of another carbonate lens in slate, also from Cloquet, shows 
abundant euhedral carbonate metacrysts (Pl. 2, fig. 3). The matrix 
consists of quartz and well-oriented sericite. Rocks with similar struc- 
ture are exposed south of Denham near the granite contact. In these 
the matrix is a coarse biotite schist. 


Other facies—As the Thomson formation is followed southwesterly 
from Carlton, other facies appear, first a phyllite grading into mica 
schist and finally into mica-garnet schist and other metamorphic rocks. 
These changes are related to progressive metamorphism and will be de- 
scribed under that heading. 

STRUCTURE 

The structural details shown by the Thomson beds have been described 
in a separate paper (Schwartz, 1942), and only the regional features 
pertinent to the suggested correlation are summarized here. 

The location of the Thomson area west and southwest of Duluth 
places it well on the north limb of the Lake Superior geosyncline and 
about 10 miles north of the minor axis which passes south of Duluth 
and Superior. The formations of known Animikie and Keweenawan age 
dip about 10° SE. In contrast the exposed Thomson beds strike nearly 
east-west and dip to the north or south at angles averaging 55°. The 
great structural discordance between basal Keweenawan beds and the 
Thomson is well shown in the channel of the St. Louis River (Pl. 1, 
fig. 1). The Thomson beds are folded, but only locally can the complete 
major structure be worked out because in many places key beds are 
absent and outcrops intermittent. The slaty beds have a well-developed 
flow cleavage which dips steeper than the bedding or is almost parallel 
to it. Detailed study of structure indicates that the nearly symmetrical 
open major folds strike nearly east-west. Isoclinal and overturned folds 
are absent except near the granite contacts. The pitch of the folds is 
mainly 10° to 20° E., but gentle west pitches are not uncommon. 

Fracture cleavage is abundant at places. Locally folded cleavage and 
shear zones, as well as the fracture cleavage, are believed to have re- 
sulted from the mild deformation accompanying the formation of the 
Lake Superior geosyncline. 

Recognizable faults are not common, but the poor horizon markers 
make detection difficult. In the light of present knowledge, faults prob- 
ably do not play an important part in the major structure. Extensive 
faults with a generally north or northeast strike would partly explain 
the great apparent thickness of the formation. 
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THICKNESS 


Although detailed structure of the Thomson slate cannot be worked 
out, available data on thickness suggest some limits. 

The formation is known to exist over an area 40 miles east and west 
and 25 miles north and south, throughout which east-west strikes of fold 
axes, beds, and cleavage are noteworthy. Winchell (1899) noted that 
prevailing dips are to the south. Tabulation of 544 dip observations by 
the writer shows that 71 per cent are generally to the south. North dips 
average 57°, and south dips 53°. Dips to the east or west are negligible. 
Graphic solution of the problem of the effect of the folding on thickness 
shows that 42 per cent of the distance across the strike with allowance 
for dip gives an apparent thickness of 45,000 feet of beds on a north- 
south extent of 25 miles. Allowing a 50 per cent reduction for flat 
dips on the axes of anticlines and synclines as well as undiscovered 
causes of duplication gives a minimum figure of over 20,000 feet. Data 
which would reduce this figure have not been found. 


PROGRESSIVE METAMORPHISM OF THE FORMATION 
AREAL DISTRIBUTION OF FACIES 


The slates and graywackes of the region about Cloquet and Carlton 
represent a stage of metamorphism typical of the slate stage. The 
slaty cleavage of the more argillaceous beds is highly developed, but 
the grains‘ are megascopically invisible. Comparison with Harker’s 
(1939, Chap. 1) description of the slates formed presumably by dynamic 
metamorphism indicates most characteristics are in common. 

About 6 miles southwest of Carlton fairly well developed phyllite is 
exposed locally in the outcrops of sec. 31, T. 48 N., R. 17 W. This and 
many other exposures farther southwest are described by N. H. Win- 
chell (1899) and by Harder and Johnston (1918). The more severe 
metamorphism prompted Winchell to separate the exposures to the 
southwest from the slates and graywackes around Carlton and to assign 
the schists and phyllites to an earlier pre-Cambrian age. It appeared 
to the writer that such a gradual change was more likely to be related 
to a center of metamorphism somewhere to the south. Accordingly all 
available exposures were examined from northeast to southwest. To the 
southwest phyllites form a higher percentage of each outcrop so that in 
exposures at Barnum all the originally argillaceous beds are typical 
phyllites. The massive graywacke beds naturally show less obvious 
effects of metamorphism, but the mineralogical changes in the matrix 
of the graywacke parallel those of the slate. 

The amount of white vein quartz increases southward, and meta- 
morphism is more severe adjacent to the quartz masses. This relation 
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continues almost to the granite contact where high-grade schists have 


developed. 
DESCRIPTION OF OUTCROPS 


The incipient stage of development of the phyllite in section 31, 
T. 48 N., R 17 W., occurs as a series of low exposures mainly on the west 
side of the Blackhoof River about 114 miles southwest of Atkinson. The 
outcrops consist mainly of graywacke and black slate, but in local areas 
vein quartz occurs, and the beds are a much crumpled and folded phyl- 
lite. Drag folds are numerous with cleavage parallel to the axial planes. 
Thin sections show abundant well-oriented sericite and chlorite. 

Somewhat similar conditions occur in a series of outcrops in the two 
southern tiers of sections in T. 48 N., R. 18 W., extending westward 
from Atkinson station on the northern Pacific Railway. Slaty beds 
are considerably deformed, and much fine-grained sericite gives a fine 
silky appearance. The relation between vein quartz and the more phyl- 
litic beds is well shown. Evidently the beds became softer and near 
the quartz were more easily deformed, and recrystallization was much 
more extensive. Both heat and solutions may have aided in the process. 
Pyrite metacrysts are abundant in many beds. 

In section 33 of the same township metamorphism is more advanced, 
and the graywacke slate is decidedly schistose. A thin section shows 
minute folding (Pl. 2, fig. 5) with alternating bands of quartz and a 
muscovite-chlorite complex. The quartz is granoblastic within the in- 
dividual sand grains and fragments. 

In T. 47 N., R. 18 W., and T. 47 N., R. 19 W., scattered exposures 
show more or less phyllite. In sections 1 and 2, T. 46 N., R. 19 W., at 
and west of Barnum station, an extensive series of exposures shows much 
typical phyllite and somewhat schistose graywacke. Quartz pods are 
common, and some probably represent replaced carbonate concretions. 
Thin sections of the phyllite show nearly perfect orientation of sericite 
(Pl. 2, fig. 4). Quartz is abundant, and elongated lenses parallel the 
schistosity. 

About 4 miles southwest of Barnum along the Soo Line railway 
north of Moose Lake Station are extensive exposures of mica schist 
and schistose graywacke. Locally graywacke of high quartz content 
remains nearly massive. In a rock cut about 14 mile north of Moose 
Lake station, a few imperfect garnet metacrysts occur in highly con- 
torted mica schist near large masses of vein quartz. To the south in the 
same cut feldspar and mica occur locally with quartz forming peg- 
matitic patches. Near these the mica schist is coarser-grained and more 
contorted. These exposures represent an intermediate grade of meta- 
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Ficure 1. CARBONATE SLATE Beps Dippinc SoutH 
With siliceous carbonate lenses oriented with the cleavage which dips north. Great 
Northern tracks, south edge of Cloquet. 


Ficure 2. Dera. or Ficure 1 
Lenses are well oriented and dip in a direction opposite the beds. 


Ficure 3. CARBONATE LENSES AND CLEAVAGE RESEMBLING BEDDING 
True bedding dips in the direction shown by the pick handle. Southwest edge of Cloquet. 


CARBONATE AND SILICEOUS LENSES 
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Ficure 1. Zone or DissoLvED CONCRETIONS Ficure 2. Quartz LENSES 
Marking strike of bedding. Sec. 20, T. 48 N., Elongated and in zones parallel to the bed- 
R. 17 W. ding. Sec. 19, T. 45 N., R. 20 W. 


Ficure 3. Quartz Lenses 1n Mica Scuist 
Some lenses probably replaced calcareous concretions. Kettle River valley, Sec. 32, T. 46 N., R. 20 W. 


ZONES OF CONCRETIONS AND QUARTZ LENSES IN THOMSON BEDS 
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morphism between the low-grade phyllites to the northeast and the high- 
grade garnet-mica schists near Denham. 

West of Moose Lake in T. 46 N., R. 20 W., outcrops are numerous 
along the Kettle River valley from section 16 southward to section 32. 
In section 16 a small outcrop on the west bank at a bend in the river 
exposes a typical silvery muscovite schist. A thin section shows 
abundant granoblastic quartz in narrow zones between mica zones. 

In section 28 a much contorted graphitic schist occurs in a small knob 
south of the river. In section 22, on Gillespie Brook, a tributary of 
the Kettle River, the bedding is nearly horizontal with recumbent drag 
folds in the mica schist. A hornblende schist also occurs adjacent to 
the mica schist. This may represent the metamorphism of basic in- 
trusives found at intervals to the north and west. A thin section of the 
mica schist shows that it is definitely coarser-grained than sections of 
specimens taken farther north. Principal minerals are quartz, biotite, 
muscovite, chlorite, feldspar, leucoxene, and magnetite. Some beds are 
mainly mica, others finely alternating quartz and mica, and one is rela- 
tively high in feldspar. A secondary folding with asymmetrical plica- 
tions and slight shearing is noteworthy. Chlorite in these beds is prob- 
ably a result of alteration of biotite. 

A series of exposures along the Kettle River in the southeast quarter 
of section 29, T. 46 N., R. 20 W., show interbedded graywackes and 
phyllites grading to mica schist. The alternation of beds is typical of 
the Thomson formation. The cleavage and bedding are nearly parallel 
and strike east-west. Hornblende needles in the phyllite pitch south 
in the direction of dip. Vein quartz is common, and adjacent to it the 
rock is a mica schist. Some quartz occurs also as lenses and nodules 
(Pl. 4, fig. 3), many of which contain abundant calcite mixed with the 
quartz. The distribution and shape of these nodules as well as the 
presence of calcite suggest that they represent replaced concretions. 
There is much drag folding in the less competent beds. Similar ex- 
posures are found along the Kettle River in section 32. The micaceous 
beds are coarser-grained with a light-colored muscovite schist along a 
zone of outcrops in the southeast quarter of the section. 

Along the Split Rock River, in sections 21 and 29, T. 46 N., R. 21 W., 
another series of graywackes and phyllites grade into mica schist. The 
more massive beds, originally graywacke, are now quartz-biotite schist. 

The most southerly exposures in the main area of the Thomson forma- 
tion occur along the Kettle River and to the southwest near Denham, 
in T. 45 N., Rs. 20 and 21 W. In section 36 of T. 45 N., R. 21 W., granite 
occurs just south of the metamorphics of the Thomson formation and 
possibly remnants of other metamorphosed formations. The following 
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descriptions show that the intensity of metamorphism increases toward 
the granite contact. 

In section 4, T. 45 N., R. 20 W., a series of large quartz masses with 
feldspar at the borders occurs in a quartz-muscovite-biotite schist which 
is more contorted near the quartz. Garnet appears in certain zones, and 
finer-grained, more quartzose schists doubtless represent original gray- 
wacke beds. Here, as in outcrops from Atkinson southwestward, the 
metamorphism is most intense in the schist adjacent to the quartz masses. 

Section 9 contains exposures of similar schist with a few garnets 
visible to the naked eye. Coarse hornblende layers also occur, possibly 
basic beds originally, but no doubt representing a higher grade of 
metamorphism. Bedding and schistosity are apparently parallel. They 
strike about east-west and dip 23° to 35° S. White quartz is abundant, 
especially as nodules. 

Extensive exposures occur along the Soo Line railway tracks in section 
19. Alternation of beds characteristic of the Thomson formation occurs 
here, but all rocks have been metamorphosed to schists. Rock facies 
represented in the cuts include biotite-muscovite schist, quartz-biotite- 
garnet schist, vein quartz, quartz nodules and lenses, and pegmatitic 
patches and lenses. 

Thin sections show the high grade of metamorphism of these beds. 
The finer-grained facies appears in hand specimen to be a quartz-biotite 
schist. In thin section the minerals prove to be quartz, biotite, garnet, 
kyanite, magnetite, leucoxene, and chlorite. Garnet and kyanite meta- 
erysts are numerous, and garnet encloses many small quartz grains 
(Pl. 2, fig. 6). Some metacrysts appear to have thrust the schist layers 
aside, but usually biotite lamellae end abruptly against the metacryst. 
Most of the mineral grains are perfectly fresh, but biotite has altered 
along cracks to chlorite, and even large garnet metacrysts have locally 
altered to chlorite. Kyanite is penetrated by other minerals, particularly 
biotite. 

A somewhat coarser-grained schist contains biotite, muscovite, quartz, 
feldspar, garnet, magnetite, sericite, chlorite, and leucoxene. The ground- 
mass is typical biotite-muscovite schist. Some bands contain much feld- 
spar which is always dusty and contains some recognizable fine sericite. 
Garnet metacrysts with quartz inclusions are numerous and about 2 mm. 
in diameter. Magnetite-ilmenite also occurs as metacrysts in some of 
the coarser-grained specimens. Some garnets have been altered to 
chlorite around the periphery and along cracks. Part of the biotite 
has altered to chlorite. 

A few concretions in the midst of graywacke beds have escaped de- 
struction but have been much metamorphosed especially around the 
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periphery. Hornblende is conspicuous. Rather fine-grained grano- 
blastic quartz forms the matrix for metacrysts of hornblende, garnet, 
cordierite, zoisite, and magnetite. Hornblende and garnet have enclosed 
numerous grains of quartz, and cordierite contains minute fragments of 
quartz. Carbonate is abundant in the interior of the concretions where 
it was away from impurities and partially protected from the agents 
of metamorphism. The metaconcretions are somewhat like those re- 
cently described by Pettijohn (1940). 

About a mile southeast of Denham in the SE. 14 of section 25, T. 45 N., 
R. 21 W., along an abandoned stream valley is a metamorphic complex, 
possibly only partly to be correlated with the Thomson formation. Some 
facies may well represent a different pre-Cambrian formation. These 
exposures are well described by Harder and Johnston (1918, p. 66). The 
most northerly one is a coarse dark hornblende schist. Farther south are 
dolomite marble and a coarse mixture of carbonate and quartz, quartzite, 
and mica schist. Near the south end a hornblende rock has a lenticular 
structure identical with that at the southeast edge of Cloquet. A thin 
section shows that the siliceous lenses now consist of a granoblastic 
aggregate of quartz with well-oriented biotite and metacrysts of horn- 
blende plus fine-grained magnetite and ilmenite. The enclosing matrix 
is coarse-grained biotite schist. 

Thin sections of the carbonate rock show that the purest facies is a 
fine-grained, slightly schistose dolomitic marble. It consists of about 
90 per cent dolomite with a small amount of quartz showing granoblastic 
texture, also a little muscovite. In hand specimen the impure facies re- 
sembles a gneiss. About 50 per cent is quartz and feldspar, and 50 per 
cent dolomite. Limonite on weathered surfaces indicates considerable 
iron in some of the carbonate. Biotite, muscovite, pyrite, and limonite 
are minor constituents. Strain shadows and shear planes are abundant 
in the quartz, and the larger grains show some augen structure. The 
quartz and feldspar are evidently original clastic grains, but the carbon- 
ate has been recrystallized. Some facies show clastic grains up to nearly 
a centimeter in length with a tendency to align parallel to the schistosity. 

The presence of a dolomite series suggests the possibility of correlation 
of this remnant with the Lower Huronian dolomite on the south shore 
of Lake Superior (Bad River, Kona, and Randville dolomites). 

Algoman granite outcrops in section 36, T. 45 N., R. 21 W., 14 mile 
south of the dolomite outcrops. A muscovite schist is exposed within 
a few hundred feet of granite outcrops. 

Two miles west of Denham, along the Soo Line track, is an exposure 
of schist and gneiss which Harder and Johnston (1918, p. 47) grouped 
with the silicic igneous rocks of the region. Their description suggests 
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that some of this material is metamorphosed sediment, and the writer 
concluded that both the schist and augen gneiss facies of these exposures 
are highly metamorphosed and injected beds of the Thomson formation. 
The exposures superficially resemble those east of Denham, but the 
bedding is less distinct. Some mica schist has recrystallized to much 
coarser muscovite-biotite schist, but other zones, or possibly graywacke 
beds, have become gneisses. Thin sections seem to add little to the field 
evidence, but it seems unlikely that such rocks were ever normal igneous 
types. Microcline is fairly common and no doubt represents the effect 
of the granitic magma. 

The gneiss is characterized by fairly coarse, well-oriented biotite and 
finer hornblende. Granoblastic quartz is abundant and is finer-grained ° 
than the other minerals. Throughout are large irregular grains or crys- 
tals of microcline enclosing rounded grains of sericitized feldspar and 
quartz. 

DISCUSSION 

The progressive metamorphism of the Thomson formation has a 
very important bearing on the correlation of the formation and the 
interpretation of the regional geology. It is desirable, therefore, to sum- 
marize the available facts. 

Méetamorphism grades from the slates and graywackes of the Carlton- 
Cloquet area to the quartz-biotite-garnet schists and augen gneiss ex- 
posed near the granite contact in the Denham region. Rock facies of the 
argillaceous beds exhibiting this gradation include slate, phyllite, quartz- 
mica schist, hornblende-mica schist, quartz-biotite-garnet schist, and 
augen gneiss. Mineralogical gradation is indicated by the above rock 
names. Significant mineralogical assemblages include the following in 
order from slate to the rock showing highest grade of metamorphism 
accompanied by the appropriate textural changes: 


Sericite, chlorite Biotite, garnet 

Muscovite, chlorite Biotite, hornblende 

Muscovite, biotite Muscovite, biotite, garnet, kyanite 
Muscovite, biotite, garnet Feldspar 


Quartz is abundant in all facies and becomes increasingly granoblastic 
with increase in grade of metamerphism. It is partly replaced by feldspar 
in the gneiss facies. 

The incipient stages of the development of phyllite are localized near 
the borders of white vein quartz. This relationship was found farthest 
north and east in the vicinity of Atkinson. The amount of vein quartz 
increases to the southwest coextensive with metamorphism. As the 
granite south of Denham is approached small amounts of feldspar and 
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mica appear with the vein quartz to form minor amounts of pegmatite. 
The mineralogical and textural gradations in the slate-schist series, as 
well as the gradation in amount of vein quartz, are clearly related areally 
to the granite. The progressive metamorphism is much like that de- 
scribed by Harker (1939) under regional metamorphism. 

The question may be raised as to the continuity of the Thomson forma- 
tion through the various metamorphic facies. The conclusion that the 
same formation is involved throughout is based on the alternation of 
graywacke and slate beds. Even in the biotite-garnet schist grade of 
metamorphism the beds originally graywacke are easily distinguished 
from those originally slate. The former remain much more massive and 
contain more quartz and biotite. The characteristic carbonate concre- 
tions were observed over most of the area, but in the southern highly 
metamorphosed belt many of the concretions have probably been re- 
placed by white quartz. A few remain and are surrounded by a meta- 
morphic aureole with abundant hornblende metacrysts. 


CONTACT METAMORPHISM BY THE DULUTH GABBRO 


As previously noted the Thomson formation is exposed close to the 
Duluth gabbro contact in section 6, T. 49 N., R. 15 W. A number of 
outcrops occur along the Midway River from a point west of the center 
of the section to the northeast corner. Along the east line are a few 
exposures of metamorphosed flows, but a short distance east of the 
northeast corner gabbro is exposed. All the slate exposures show meta- 
morphism with the development of hornfels. The cleavage is largely 
destroyed, and conchoidal fracture is characteristic. 

In thin section slate collected near the center of the section is spotted. 
The groundmass is largely fine-grained biotite. The spots are incipient 
metacrysts of cordierite. 

The graywacke is less affected than the slate. The matrix has largely 
recrystallized to biotite, but coarser fragmental quartz and feldspar 
grains are essentially unaffected. In more metamorphosed specimens 
feldspar forms a matrix for quartz, indicating recrystallization. The 
texture is decidedly granoblastic. 

Other specimens were collected in the NW.14 of section 20, T. 49 N., 
R. 15 W., about 2000 feet horizontally from the contact of gabbro, but 
these show obvious baking. The slaty facies shows faint spotting under 
polarized light; biotite has formed at the expense of chlorite, and mag- 
netite is abnormally abundant. The graywacke is especially high in 
dusty magnetite; biotite and sericite form the matrix. In the normal 
graywackes chlorite is common, but biotite is never present so far as 
known. 
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The effect of the gabbro corresponds well with the effects of gabbro on 
other slates described by Grout (1933). 


DIABASE INTRUSIVES 


Throughout much of the area of the Thomson formation, but par- 
ticularly in the Carlton-Cloquet region, dikes, less commonly irregular 
intrusions, and a few sill-like bodies of diabase cut the slate. Petro- 
graphically these are practically identical with the Keweenawan ex- 
trusives of the north shore of Lake Superior (Grout and Schwartz, 1933; 
1939). The dikes are more easily weathered than the slates and gray- 
wackes and often form gaps in the ridges. Aerial photographs suggest 
the continuity of the dikes for long distances striking N. 39° E. Offsets 
in ridges further suggest that some dikes occupy fault zones. 

The slates and graywackes locally show slight baking near the contacts 
and, where the dikes are large and closely spaced, have formed fairly 
well developed hornfels. Irregular intrusives well exposed at places in 
the bed of the St. Louis River below the Thomson dam deform the struc- 
ture. Locally more severe contact effects were noted. A reddish gray- 
wacke near a dike in the river bed shows secondary feldspar. Dusty 
hematite occurs around the periphery, and sericite is abundant within the 
feldspar grains. Quartz areas are granoblastic. The effect recalls that 
at Pigeon Point where a large sill intrudes quartzites. 


CORRELATION OF THE THOMSON FORMATION 


The series of slates exposed in the Carlton-Cloquet area have been 
frequently referred to in discussions of Lake Superior correlation prob- 
lems, but only Spurr (1894), Winchell (1899), and Harder and Johnston 
(1918) have presented any details on the Thomson formation. None of 
these investigations undertook anything like a complete mapping of 
the formation. A review of all opinions which have been expressed on 
this correlation would take much space, and accordingly only a tabular 
statement of previous correlations will be given. 


AUTHOR Date CorrELATION 
1883. Animikie 
Winchell, N. H........ 1890 Animikie and Taconic (2 series) 
1894 Keewatin (Lower Huronian) 
1898 Animikie and Keewatin (Lower Huronian) (2 series) 
1903 Lower Huronian 


Leith and Van Hise... 1911 Animikie 
Harder and Johnston.. 1918 | Animikie (possibly Lower Huronian) 
Leith, Lund, and Leith 1935 Upper Huronian (Animikie) 
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Most of these correlations were made either as suggestions on broad 
general grounds, or they were based purely on lithology. None were 
made with all the facts now available, and it is believed that a con- 
sideration of all the facts leads to a more definite conclusion, although it 
may be that exact correlation will never be possible because of the 
large covered areas. 

Facts which must be taken into account include the following: 


(1) The Thomson formation differs lithologically from the Animikie 
sedimentary rocks of the Lake Superior district. 


(2) The Thomson formation is highly folded and metamorphosed 
so that the lowest grade has excellent slaty cleavage. In this respect 
it resembles the Knife Lake series of the Vermilion district and not 
the Animikie Virginia slate. 


(3) The strike of the beds, cleavage, and axial planes of the folds 
is predominantly east-west. This is at an angle of about 35° to the pre- 
vailing regional structure of younger beds related to the north limb of 
the Lake Superior geosyncline. At Duluth the two structures strike 
at about right angles to each other. 


(4) The Thomson formation is separated from the Lower Keweenawan 
by a pronounced angular unconformity. 


(5) The Keweenawan rocks overlying the Thomson partake of the 
same regional structure as the Animikie beds of the north shore of Lake 
Superior—that is, a strike generally northeast and a dip of 10° SE. A 
pronounced structural discordance, therefore, exists between Animikie- 
Keweenawan beds and the beds of the Thomson formation. No struc- 
tural discordance is known between Animikie and Lower Keweenawan 
beds in Minnesota, but a disconformity evidently exists in the Grand 
Portage region. 

(6) The Thomson has suffered progressive regional metamorphism 


with low-grade rocks in the Carlton-Cloquet area and high-grade meta- 
morphies to the south near the granite contact. 


(7) The granites of central Minnesota have recently been tenta- 
tively correlated (Tyler and others, 1940), on the basis of accessory- 
mineral studies, with granites of Algoman age. Seven additional 
samples of granites collected in 1941 from scattered points from Little 
Falls to Denham all show accessory minerals characteristic of Algoman 
granites. The only batholithic Minnesota granite which shows Kewee- 


n 
r 
t 
Ss 
Ss 
y 
y 


1018 G. M. SCHWARTZ—THOMSON FORMATION, MINNESOTA 


nawan characteristics is the red granite of the Milaca and St. Cloud 
areas far to the south. 


These facts lead to certain interpretations: The Thomson formation 
of Carlton and Pine counties is pre-Animikie in age and should not be 
correlated with the Virginia slate, because (1) The structure of the 
Thomson formation is discordant with the regional Lake Superior geo- 
synclinal structure as developed in late Keweenawan time. The Ani- 
mikie and Keweenawan are in practical structural accordance in north- 
eastern Minnesota (Grout and Schwartz, 1933). (2) The Thomson and 
Virginia formations differ in the nature of the original sediments and 
in metamorphism. (3) The Thomson formation is greatly metamor- 
phosed in the southern part of its extent by granites which are correlated 
with the Algoman granite on the basis of accessory minerals and general 
correspondence of other characteristics; the Thomson is therefore older 
than Algoman, whereas the Animikie rocks are younger. 

As to the correlation of the Thomson formation with other pre- 
Animikie rocks, there is little direct evidence. On the basis of lithology, 
metamorphism, and deformation, the formation compares well with some 
of the Knife Lake series, and reference to the recent summary of Lake 
Superior correlations (Leith, Lund, and Leith, 1935, p. 10) leaves no 
other logical choice. This is not a new choice but was suggested by 
Spurr (1894), Leith (1903), and others. The difficulty is that the posi- 
tion of the Knife Lake series in the lower pre-Cambrian is somewhat 
doubtful, and the series is complicated in itself (Gruner, 1941). 

In any event the Thomson formation is Lower Huronian or older. Its 
character and metamorphism correspond well with what might be ex- 
pected in a Lower Huronian formation. The possibility of the Thomson 
formation and Knife Lake series being the equivalent of formations 
classified as Archean in Canada is not excluded. 


IMPLICATIONS OF THE PROPOSED CORRELATION 


The rejection of the correlation of the Thomson formation with the 
Virginia slates and the placing of it unconformably below the Animikie 
mean that complicated geology occurs in the wide covered area between 
the Thomson formation in Carlton County and the Mesabi and Cuyuna 
ranges. The area between the Mesabi range and Cloquet is indicated 
as generally synclinal. Knife Lake slates occur on the north side of the 
Animikie rocks of the range and it follows that the Animikie rocks, 
including the Biwabik iron formation, should occur on the south limb of 
the syncline somewhere north of Cloquet as originally postulated by 
Leith (1903, p. 203). 
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The Cuyuna range presents another problem. The various formations 
represented on the Cuyuna have presented many difficulties in correla- 
tion, but the tendency has been to correlate them with the Upper Huron- 
ian, mainly the Virginia slate (Leith, Lund, and Leith, 1935, p. 10). 
This has been done in spite of the fact that many of the rocks are typical 
schists, whereas the Virginia slate is merely a well-indurated shale. This 
difference has been explained by the supposition that the granites south 
of the Cuyuna range were Keweenawan (Killarney) and were respon- 
sible for the metamorphism. There is no positive evidence of the Kewee- 
nawan age of these granites, and now there is some evidence of their 
Algoman age. If the granites are Algoman then the formations of the 
Cuyuna range are Lower Huronian because there is no reasonable doubt 
that they owe their metamorphic character to the granites to the south. 
The writer suggests that the correlation of the Cuyuna series be con- 
sidered an open subject. In this connection it should be noted that 
J. F. Wolff (personal communication) has correlated the Cuyuna iron 
formation with the Biwabik including the fourfold subdivision. Cheney 
(1915) argued that the formations on the two ranges should be con- 
sidered as the same horizon. Drilling is now in progress on the Cuyuna 
to obtain more data. 

Along the Mississippi River in the vicinity of Little Falls a series of 
outcrops of slate, phyllite, graywacke, and schist are a possible south- 
westward extension of the Thomson formation of Carlton and Pine 
counties. These exposures are well described by Harder and Johnston 
(1918, pp. 58-63). The writer has examined the known outcrops and 
agrees with this tentative correlation. Most of the characteristic features 
of the Thomson formation recognized as a result of two seasons of field 
work were easily recognized in exposures at Little Falls. Particularly 
significant are the calcareous concretions which are so distinctive and 
which occur in the Little Falls area in exactly the same manner, the 
main difference being that metamorphism has developed abundant horn- 
blende at Little Falls. Calcite remains, however, as a matrix of the 
hornblende crystals. 
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ABSTRACT 


The value of correlations based on heavy minerals is tested on the sands now 
being deposited on the beaches of the Texas Gulf Coast. Each of the principal 
rivers carries a distinct suite of heavy minerals. That igneous and metamorphic 
rocks are a source of a portion of the Rio Grande material is indicated by an 
assemblage of heavy minerals, exclusive of the opaque black minerals, containing 
60 per cent basaltic hornblende and pyroxene, 10 per cent green hornblende, and 
only 30 per cent of the more stable minerals such as garnet, rutile, staurolite, tour- 
maline, and zircon. The Nueces, San Antonio, Brazos, Trinity, and Neches rivers 
derive their load from sedimentary rocks giving a high content of more stable 
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minerals in the heavy-mineral residue with only minor amounts of hornblende and 
pyroxene. The Colorado River derives its load from igneous, metamorphic, and 
sedimentary rocks. Its suite of heavy minerals, exclusive of the opaque black 
minerals, is more than 60 per cent green hornblende with the remainder the more 


stable minerals. 

The heavy-mineral residues of the Gulf Coast beach sands commonly contain 
augite, basaltic hornblende, enstatite, epidote, garnet, green hornblende, hypersthene, 
kyanite, leucoxene. monazite, rutile, zircon, and from 25 to 50 per cent of opaque 
black minerals. From the Rio Grande northeastward along Padre Island beach 
the characteristic Rio Grande suite of heavy minerals, rich in basaltic hornblende 
and pyroxene, gives way rather rapidly to the Colorado suite rich in green horn- 
blende. The influence of the Nueces, San Antonio, and Brazos rivers is shown 
by an increased ratio of the more stable minerals. 

Along the southern two-thirds of Padre Island beach the modal grain diameter 
is % mm., and the mode constitutes 90 per cent of the total. A less pronounced, 
but nevertheless high. degree of sorting persists northeastward along the beaches 
with % mm. the modal grain diameter as far as Galveston Island, where the mode 
shifts to the 4 mm. grain diameter size, but the % mm. grain diameter size is 


almost as abundant. 
The distribution of material along the Texas Gulf Coast beaches is effected by 


a.southward longshore current carrying sediment brought to the Gulf of Mexico. 
The offshore bars on the Texas Gulf Coast may have been formed in this manner. 


INTRODUCTION 


The Gulf of Mexico is a modern basin of deposition receiving the 
drainage along the Texas Coast from most of Texas and New Mexico. 
By studying the sands carried by each river, especially the heavy- 
mineral content, it is possible to identify the material and study its 
distribution along the beaches. In effect, this provides a test of the 
extent to which heavy minerals can be used in correlation and em- 
phasizes a number of’ factors which affect the distribution of heavy 
minerals and which must be considered in using them in stratigraphic 
work. 

The Texas Coast, from Sabine Pass on the Louisiana boundary to 
the mouth of the Rio Grande, a distance of more than 300 miles, is 
marked by lagoons enclosed by peninsulas and long, narrow islands 
rarely more than half a mile in width and from 30 to more than 100 
miles long. The waves break on the Gulf side producing excellent 
beaches. Usually dunes occur a short distance back from the beach 
and in some instances attain heights of 30 feet. Grass grows on all 
the islands and on Padre Island and Matagorda Island supports 
large herds of cattle. Some of the islands, such as Galveston and 
Mustang, are readily accessible by car. Padre Island, with an unin- 
terrupted length of 110 miles, can be driven by car under favorable 
conditions of tide and offshore wind. 
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SAMPLING AND LABORATORY TREATMENT 


Samples were collected from the Rio Grande, Nueces, Guadalupe, 
San Antonio, Colorado, Brazos, Trinity, and Neches rivers. In general 
a number of samples were taken from each river, usually in the lower 
100 miles of its course and at low water stage from sand bars in the 
stream channel. In a few cases, where no sand bars were present in 
the stream channel, samples were collected from bars on the flood plain 
immediately adjacent to the channel. Care was taken to insure that 
the samples represent material now being carried by the stream. 

The beach was sampled at intervals of approximately 10 miles begin- 
ing at the southern end of Brazos Island near the mouth of the Rio 
Grande and continuing northward including the full length of Padre, 
Mustang, St. Joseph, Matagorda, and Galveston islands and the inter- 
vening coast line and peninsulas. In general three samples were col- 
lected at each station: one at low tide level, a second at normal water 
level or the beach proper, and a third from the dune area. Only the 
normal beach level samples are included in this study. The location 
of the beach and river samples is shown on Figure 1. A mechanical 
analysis of each sample was made by standard methods of sieving, and 
the results plotted as histograms. Bromoform was used to separate 
the light and heavy minerals. All the size grades below the mode were 
used in the bromoform separation. In general the mode is the 1/8 mm. 
grain diameter so the heavy minerals were obtained largely from the 
1/16 mm. fraction. In a few samples from the eastern portion of the 
Texas Coast, especially Galveston Island and eastward, the mode lies 
in the 1/16 mm. diameter size. In these cases the modal size grade 
was included in the bromoform separation so that in all samples the 
heavy residues were obtained from the same grain sizes. This is im- 
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portant, as Rubey (1933) has shown that large variations in relative 
abundance of the various minerals will be found in different grain 
sizes of the same sample. Unless all samples are of approximately the 


Ficure 1—IJndex map showing location of samples of Texas river and beach 
sands 


same grain size and the same degree of sorting, he suggests that the 
heavy residue be obtained from a composite sample made up of one 
fraction composed of the same actual grain size and a second fraction 
of the same relative grain size. However, in the beach sands studied 
the grain size and sorting is sufficiently uniform to allow direct com- 
parison. Martens (1935) also emphasized the importance of grain size 
in comparative studies of the heavy-mineral content of sands. 
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The per cent of each mineral species in the heavy residue was deter- 
mined by counting the grains in a mount of the residue. A mechanical 
stage was used, and the grains encountered in random traverses of the 
slide were identified. Three counts of 100 grains each were made of 
each sample of the beach sands, and 200 grains of river sands were 
counted. The percentages given in the tables are the average of the 
total counts and are shown to the nearest whole number because figures 
carried beyond the decimal point are inconsistent with this method of 
analysis. The author is fully aware that greater accuracy could be 
obtained with additional counts; but it was felt that the results would 
be more reliable by making fewer counts on a greater number of 
samples rather than exhaustive counts on fewer samples. A count of 
100 grains can be made in about 30 minutes after familiarity with the 
minerals present has been established. 


HEAVY-MINERAL CONTENT 
RIVER SANDS 


The heavy-mineral content of each river sand depends, of course, 
upon the geology of the drainage basin which supplies its load. Some 
of the streams have entirely different suites of heavy minerals, while 
others, with similar drainage basins, are quite similar. The locations 
of the samples of river sand are as follows: 


Sample Location of samples of Texas river sand 


No. 42. Rio Grande at mouth. 

No. 43. Nueces River and State highway 96, near Calallen, about 8 feet above water 
level. 

No. 46. Nueces River and State highway 202, northeast of George West, about 
5 feet above water level. 

No. 50. San Antonio River and U. S. Highway 77, near McFaddin, about 10 feet 
above water level. 

No. 53. Colorado River 1 mile south of Matagorda on flood plain. 

No. 52. Colorado River 2 miles south of Matagorda on flood plain. 

No. 51. Colorado River 3 miles south of Matagorda on flood plain. 

No. 55. Colorado River at Columbus, Texas. 

No. 54. Colorado River at Wharton, 25 feet above water level, at base of old 
bridge pier. 

No. 58. Brazos River at mouth of old channel southeast of Freeport, 1 foot above 
water level. 

No. 57. Brazos River at mouth of old channel southeast of Freeport, 3 feet above 
water level. 

No. 56. Brazos River at mouth of cld channel southeast of Freeport, 6 feet above 
water level. 

No. 62. Trinity River and State highway 45 near Riverside. 

No. 63. — River and Highway 94 southwest of Lufkin, 10 feet above water 

evel. 
oy River and Highway 94 southwest of Lufkin, 5 feet above water 
evel. 
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The approximate location of all samples, except Nos. 62, 63, and 64, 
is shown on Figure 1. A list of the heavy minerals common in the 
river sands is shown in Table 1. Fourteen species are common; a few 
additional species are rare. Some of the minerals or groups of min- 
erals are more significant than others. Accordingly, the heavy separate 
from each sample was identified, the percentage of each mineral de- 
termined, and the following groups segregated for comparison: (1) ba- 
saltic hornblende and pyroxene, (2) green hornblende, and (3) the 
more durable minerals, including zircon, garnet, staurolite, tourmaline, 
and rutile. The minerals in the first two groups are comparatively 
readily decomposed, and their presence in abundance indicates a 
primary source such as an igneous or metamorphic area. For the sake 
of brevity the term “less resistant” is used for these minerals on the 
charts accompanying this paper. The last group mentioned above in- 
cludes the more resistant minerals which may have survived more than 
one cycle of erosion and deposition. They form the major part of the 
heavy-mineral residue in those streams which derive their load from 
areas made up entirely of sedimentary rocks. This group of minerals 
is designated the “more durable” on the charts accompanying this 
paper. The percentages of these three groups in the heavy-mineral 
residues were recalculated on the basis of 100 per cent (Fig. 2). The 
Rio Grande carries a very distinctive suite of heavy minerals in which 
60 per cent is basaltic hornblende and pyroxene, 10 per cent green 
hornblende, and 30 per cent the more durable minerals. The groups 
are represented in the Colorado River with 60 per cent green hornblende 
and the remainder the more durable minerals. Both the Rio Grande 
and the Colorado River drain areas in which igneous and metamorphic 
rocks outcrop. The Rio Grande receives the drainage from eastern 
New Mexico, where many areas of crystalline rocks are exposed, and 
from the Big Bend section of Texas, where many lava flows and intru- 
sive igneous rocks are at the surface. The Colorado River crosses the 
Llano uplift in Central Texas, in which there are extensive outcrops 
of granite and pre-Cambrian gneisses and schists (Pl. 1). 

Cogen (1940) noted the association of hornblende with the drainage 
basin of the Colorado River and suggested the Llano region as a prob- 
able source. The Nueces, San Antonio, Brazos, Trinity, and Neches 
rivers each carry a suite of heavy minerals composed very largely of 
the more durable minerals with only insignificant amounts of horn- 
blende and pyroxene. These streams, in contrast to the Rio Grande 
and the Colorado River, derive their load from sedimentary formations, 
and only the more durable minerals have survived the multiple cycles 
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TaBLe 2—Heavy-mineral analyses of Texas Gulf Coast beach sands 
(Per cent by number of grains; for each sample three counts of 100 each were made) 
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of deposition. The relationship of the drainage basins of all these 
streams is shown on Plate 1. 

There is a suggestion (Fig. 2) that the sands of the Nueces, Trinity, 
and Neches rivers are less well sorted than the sands of the other 
streams. It is obvious, however, that no conclusions are justified on 
such a limited number of samples. 


BEACH SANDS 


The location of the samples of beach sand is shown on Figure 1. 
Heavy minerals are quite abundant in the beach sands, and frequently 
a rude banding is observed due to concentration of the heavy minerals in 
certain layers or “pay streaks”. The constant agitation of the sand 
on the beach by the action of the surf results in the removal of the 
lighter sand particles and a concentration of the heavy minerals in 
definite bands. Likewise the wind ripples on the sand dunes at the 
back side of the beach are marked by a layer of heavy minerals in the 
trough of each ripple mark. No effort was made to compare the total 
amount of heavy-mineral residue in the various samples since this 
would vary widely depending on the location of the sample with ref- 
erence to “pay streaks”. However, the relative abundance of each 
mineral species in the heavy residue was carefully determined (Table 2). 
The minerals were grouped, as in the case of the residues of the river 
sands, into three groups for purpose of comparison: (1) basaltic horn- 
blende and pyroxene, (2) green hornblende, and (3) more durable min- 
erals, including garnet, tourmaline, rutile, zircon, and staurolite. The 
relative per cent of these three groups, recalculated on the basis of 100 
per cent, in each of the beach samples is given in Figure 3. From the 
mouth of the Rio Grande northeastward along Padre Island beach 
the characteristic Rio Grande suite of heavy minerals, rich in basaltic 
hornblende and pyroxene, gives way rather quickly to the Colorado 
River suite rich in green hornblende. Near the mouth of the Nueces 
River (samples 10 to 14 inclusive) there is a noticeable increase in the 
relative abundance of the more durable minerals which reflects the 
influx of Nueces River sands. This “dilution” by the Nueces River 
assemblage results in a lower percentage of the less resistant minerals. 
The same condition is quite marked at the mouth of the Brazos River 
(samples 29 and 30) and also near the mouth of the San Antonio 
River (sample 21). 

The distribution of some of the significant minerals and groups of min- 
erals is shown on Plate 2. The per cent of the various minerals in the 
heavy residue, determined by counting grains, has been plotted against 
distance along the beach. A rapid decrease in the per cent of basaltic 
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hornblende and pyroxene northward from the mouth of the Rio Grande 

is apparent (Pl. 2, No.1). A peak for green hornblende is shown near the 

middle of each island with a low near the inlets or passes (Pl. 2, No. 2). 
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Ficure 2——Mechanical and heavy-mineral analyses of Texas river sands 


This apparent low is the result of dilution by the more durable minerals 
at the outlets of the various streams which carry a higher per cent of 
these minerals. The low concentration of green hornblende at the pres- 
ent mouth of the Colorado River seems inconsistent with the predomi- 
nance of this mineral in the heavy-mineral suite of the Colorado (PI. 2, 
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No. 2). In considering this anomaly several factors are important. 
Prior to 1936 the Colorado discharged into Matagorda Bay and entered 
the Gulf of Mexico through Pass Cavallo, some 30 miles southwest of 
the present outlet (Fig. 6). The Colorado River has built a delta of 
considerable size, and in Recent geologic time the outlet has shifted from 
one side of the delta to the other. At one time the Colorado emptied 
directly into the Gulf through what is now known as Liveoak Creek to 
the northeast of the present outlet (Wadsworth, 1941). At another, and 
perhaps for a much longer period, the Colorado emptied into Matagorda 
Bay through an outlet some distance to the southwest of the present 
channel. The artificial channel, which forms the present outlet, was 
completed through Matagorda Peninsula in 1936 by the Matagorda Con- 
servation and Reclamation District (Weeks, 1941). The Brazos River, 
which carries the greatest load of sediment of any Texas stream, has a 
delta which really extends from the Trinity River on the east to join 
with the Colorado delta to the southwest. The heavy-mineral content 
of the Brazos River sands is practically 100 per cent the more durable 
minerals, and since its outlet is so close to the outlet of the Colorado 
it is an important factor in the dilution of the Colorado suite. This is 
especially true because the Brazos River discharges directly into the 
Gulf of Mexico, while, until 1936, the Colorado emptied into Matagorda 
Bay. Brazos River sands are swept southwest along the coast and have 
been the principal source of the sands of Matagorda Peninsula. Hence, 
it is to be expected that the Brazos River suite of heavy minerals should 
dominate the entire length of Matagorda Peninsula (Pl. 2, No. 3). The 
presence of green hornblende to the east of the Colorado River outlets 
makes it necessary to consider other probable sources. Russell (1937) 
has shown that the amphiboles are the most abundant constituent in the 
Mississippi River sands. With a westward shore current along the north- 
ern coast of the Gulf of Mexico these sands are a source of material for 
the Texas beaches, especially the eastern section. In this connection 
it might be well to recall that the modal grain size of the Texas beaches 
is 1/8 mm., except on Galveston Island and eastward where it is 1/16 mm. 

Green hornblende increases far southward of the mouth of the Colorado 
River, which contributes most of the hornblende to the Texas beaches. 
Pettijohn and Ridge (1933) in a study of the beach sands from Cedar 
Point spit in Lake Erie found a marked increase in the per cent of horn- 
blende in the direction of travel owing to the tendency of the finer and 
more angular grains to outrun the more rounded grains in the downcurrent 
direction of travel. Hornblende is among the most angular of the heavy 
minerals in the Texas beach sands, and it often occurs in small elongate 
grains. Also its specific gravity is low compared to that of the more 
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spherical grains of garnet, zircon, and rutile. These observations are 
almost equally pertinent to basaltic hornblende, augite, hypersthene, 
and enstatite. The “selective sorting” of hornblende at the expense of 
the heavier and more spherical minerals has resulted in an increase in 
the per cent of hornblende in the direction of travel. Cogen (1940, p. 
2073) in a study of the heavy minerals in sediments of the Gulf Coast 
formations notes that hornblende is erratic in its distribution in both 
vertical and lateral extent. Russell (1937) agrees that in a sediment 
transported dominantly by suspension the flaky or flat minerals should 
show a progressive increase in the direction of travel but insists that if 
the particles are moved dominantly by rolling those most nearly 
spherical would outrun the others. 

Following is a brief description of the character of the heavy-mineral 
species found in the beach sands of the Texas Gulf Coast: 


TITANIFEROUS AUGITE: This is one of the most characteristic species of the residues 
of the southern beach sands, becoming less frequent and finally disappearing 
northward on Padre Island. Except for a few grains (possibly second-cycle) noted 
in the sands of the Nueces River, this material is contributed wholly by the Rio 
Grande. The typical grain is a highly angular cleavage fragment, sometimes 
moderately elongate, of various shades of violet to brown-violet, often quite deeply 
colored. Pleochroism is rare and only faint. The grains are generally irregular 
in shape, with frequent re-entrants and ragged terminations. In many grains the 
terminations are highly dentate with a series of small, colorless, sharply pointed 
crystals in parallel orientation. Clouded interiors due to finely divided included 
material are common. 

Avaite: Common augite occurs most frequently as well-worn and rounded thick 
prismatic grains of various shades from pale green to green or yellow green. Many 
are quite elongate, the length-width ratio sometimes being as high as 4 to 1, usually 
2 to 1. Faint yellow-green to green pleochroism was noted in some of the deeper- 
colored varieties. Surface abrasion effects and frequently abundant inclusions give 
a somewhat dusky appearance to these grains. Less common are pale-green to 
yellow-green irregular cleavage fragments which are clear and sometimes almost 
glassy. This type has highly dentate terminations like those described on the 
titaniferous variety. Much of the augite is sodic, and some aegerine-augite was 
identified; however, it has been included with augite in the mineral counts. 

Augite is carried in abundance by the Rio Grande and in very minor amounts 
by the other streams. Thus it is a prominent constituent of the southern beach 
sands and is very subordinate but persistent in the sands of the rest of the coast. 

HyperstHENE: Although not abundant, hypersthene is represented by several 
grains in all mounts made of the residues of the southern beaches and is persistent 
in very small amounts throughout the coast. The grains are generally subcylindrical 
with rounded terminations. Pleochroism from a brownish pink (X) or greenish 
yellow (Y) to a pale green (Z) is strongly developed. Inclusions of magnetite 
and minute elongate crystals were occasionally noted. 

ENSTATITE is uncommon, occurring as irregular stumpy fibrous grains with a 
highly clouded appearance or as large, elongate, well-rounded grains consisting 
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of a “mat” of interlacing fibers, the structure and thickness of the latter type 
resulting in bright interference colors in any position under crossed nicols. 

BASALTIC HORNBLENDE: This is another of the highly characteristic species of 
the southern beaches. It occurs as distinctive red-brown, translucent, lustrous, short 
prismatic grains. The vertical ruling of the cleavage traces is quite prominent, 
and opaque material is sometimes included along these lines, although inclusions 
are generally absent. The grains are usually fairly well rounded, although irregular 
outlines and ragged terminations are not infrequent. The pleochroism (X = red 
brown; Y = yellow brown; Z = intense red brown to black) is very strong. The 
highest extinction angle measured was 8°. This species is very prominent along 
the southern portion of Padre Island, almost disappears along the middle coastal 
beaches, and reappears in small amounts along Galveston and adjacent beaches. 

Also attaining its maximum abundance along the southern beaches but always 
subordinate is another variety of iron-rich hornblende of olive brown color and 
intense pleochroism. Most of these grains are elongate subrounded prismatic 
cleavage plates, with extinction up to 14°. 

SopA-RICH HORNBLENDE: Abundant grains of green to olive-green hornblende are 
present in nearly all samples, particularly near the mouth of the Colorado River 
and southward. The grains show a great diversity in form. Again, the material 
supplied by the Colorado River is in many cases very densely colored, approaching 
opacity. Extinction is generally from 15° to 20°. 

NONALUMINOUS AMPHIBOLES (tremolite and actinolite) are supplied by the Col- 
orado River and occur sporadically in very minor amounts for some distance 
southward and to a lesser extent eastward from the mouth of the river. The usual 
form is a narrow, elongate cleavage fragment, fresh and angular, and sometimes 
with an abundance of included material. The grains vary from colorless to pale 
green. 

TouRMALINE is variable in all samples, both as to form and abundance. The 
most abundant variety is pleochroic from colorless or pale yellow to brown or 
black and occurs both as straight prisms with rounded terminations and in 
well-rounded basal plates. Central bands of crowded inclusions of a variety of 
minerals were noted in many of the prismatic grains, although inclusions are fre- 
quently absent entirely. Essentially like this type in all respects except color 
is a variety that is pleochroic from some shade of violet to almost black or 
sometimes an intense green. Terminal facets were sometimes noted in this variety. 
The blue variety (indicolite) is represented by at least one grain, usually several, 
in practically all mounts. It occurs most frequently in basal plates, sometimes 
in irregular prismatic grains showing rather strong pleochroism from pale to deep 
blue. Grains showing both blue and brown are conspicuous in the sands of the 
middle beaches. The colors are usually irregularly distributed, but a rather sharp 
line of color demarcation parallel to (0001) was noted in a few instances. All 
varieties reach their maximum abundance in the sands of Mustang Island and 
northern Padre Island. 

Garnet: The most widespread and abundant garnet is a pale pink variety occur- 
ring usually in sharply angular irregular grains recognized by the well-developed 
conchoidal fracture. Inclusions are generally absent, and surface markings are not 
common, although a somewhat papillate suface yielding bluish diffraction effects 
was sometimes observed. Both the Colorado and Rio Grande carry a distinctive 
rich orange-brown to salmon garnet, usually in clear rounded grains. This type 
seems to be limited to a relatively narrow radius from the mouths of the rivers. 
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Irregular grains of a colorless garnet, rendered turbid by abundant fine inclusions, 
occur sporadically throughout the coast, and the upper coast carries minor amounts 
of a dark-brown variety in moderately rounded grains. 

Zircon: This mineral is everywhere present and highly diversified. Ellipsoidal 
grains resulting from rounding of short euhedra, rounded to subangular irregular 
fracture fragments, and euhedra of a variety of crystalline modifications are every- 
where to be found. Two more or less distinct varieties merit description. Appar- 
ently limited to the lower Padre Island sands are short grains characterized by 
unusually acute pyramidal terminations. The prism and pyramidal angles are 
well worn and rounded, and inclusions are rare. Distinctively colored zircon is 
found in the sands of the middle beaches. The grains are short to moderately 
elongate worn euhedra which appear very dark and turbid in plane polarized 
light, owing to crowding of minute inclusions. Distinct pleochroism from rose (e) 
to a violet brown or brown gray (0) is best observed in convergent light. This 
variety frequently is zoned. It is carried chiefly by the Colorado River, with 
a few grains observed in the loads of the Brazos and Trinity rivers. 

Epmore is a rather prominent constituent of all beach sands except those near 
the mouth of the Brazos River. The epidote of the southern beaches occurs for 
the most part in rather dusky round grains. Pleochroism from pale green to green 
or yellow green is well developed. Angular, glassy green prismatic grains are less 
common. In the middle beaches, large, squarish, rich yellow-green remarkably 
clear grains are quite prominent. One grain of the variety piedmontite, pleochroic 
from red-lilac to greenish yellow, was noted in one of the samples from Matagorda 
Island. An occurrence of piedmontite is known in the drainage basin of the Colorado 
River near Llano, Texas. 

Sraurouite: In the southern beaches, staurolite occurs in golden-yellow angular 
to subangular cleavage fragments, clear or with minor inclusions, and with strong 
pleochroism. Grains with a cellular structure and an abundance of included material 
are less common. In the middle beaches, this type is supplemented by fresh, 
clear, angular grains with pleochroism in rose-brown, yellow-brown, and red-brown. 

Kyanirte is present in small but almost constant amounts in all samples in the 
usual rectangular, cleavage-controlled (100) fragments. Most of the grains have 
been somewhat rounded, some exhibit rounded re-entrants and prominences as 
if worked on a lathe. The material of the southern beaches is frequently dusky 
with carbonaceous included matter and often exhibits yellow staining particularly 
along the traces of cross-cleavage. In the upper beaches it is generally clear and 
has the cross-cleavage or fracture exceptionally well developed. 

Monazitp is rather prominent in some of the southern sands and less common 
in the Galveston Island beach sands. The grains are the usual highly rounded 
irregular, greenish-yellow to yellow ellipsoids. 

Rutite: Elongate rich red-brown, sometimes yellow-brown prisms of rutile, fre- 
quently with prominent vertical striations, are rather common in the upper beach 
sands and rare to the south. Several instances of geniculate twinning were observed. 

APATITE occurs sporadically all along the coast in characterless elliptical rounded 
prisms, or, rarely, rounded basal grains. 

ANDALUSITE is rather rare and was noted only in the samples from Mustang 
Island and northern Padre Island. It occurs generally in squarish angular cleavage 
fragments with characteristic colorless to pale-rose pleochroism and frequently has 
rather large elliptical masses of black opaque material, probably carbonaceous, 
included in linear arrangement. 
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SPHENE is occasionally observed, mostly in the upper beaches. The grains are 
generally slightly worn irregular fracture fragments of euhedra. These reflect light 
with a submetallic luster, but convergent light shows them to be pale yellow. A 
few well-rounded brownish short prisms with minutely pitted surfaces were noted 
in the southern beach sands. 

SPINEL occurring in rounded equidimensional rich blue-green grains, variety 
ceylonite, was noted in several of the mounts of the middle beach sands. 

OPAQUE MINERALS: Magnetite and ilmenite are abundant in all samples. Leucoxene 
and compound grains of ilmenite altering to leucoxene are also prominent, espe- 
cially in beaches well removed from the mouths of the rivers. A few irregular 
grains of authigenic pyrite were noted in the Sargent Beach sands and in the 
sands from the beach west of Sabine Pass. Iron oxides are ubiquitous in minor 
amounts, and become rather prominent approaching the mouth of the Sabine 
River. 

Fetpspar: Feldspar is present in all samples of beach sand, although in very 
minor amounts. No attempt was made to determine the percentage of feldspar. 
The usual type is microcline, showing characteristic cross twinning, and in most 
cases the grains are somewhat angular and relatively fresh. 


RESULTS OF MECHANICAL ANALYSES 


In the histograms (Fig. 3) it is seen that the beach sands of the 
southern two-thirds of Padre Island are very highly sorted. The modal 
_ grain diameter is 1/8 mm., and the mode constitutes about 90 per cent 

of the total. The influence of the Nueces River is apparent along the 
northern end of Padre Island and along the entire length of Mustang 
Island where the beach sand is less well sorted and there is more of the 
1/16 mm. diameter grain size. From Matagorda Island northeastward 
to Galveston Island a high degree of sorting obtains with 1/8 mm. the 
modal grain diameter; the mode then shifts to the 1/16 mm. grain 
diameter, but the 1/8 mm. grain diameter is almost as abundant. The 
interpretation of the results of the mechanical analyses is not clear be- 
cause so many variable factors influence the size of material carried 
along the beach. Pettijohn and Ridge (1932) in a study of the textural 
variation in a series of beach sands from Cedar Point spit in Lake 
Erie found that the grain size decreased in the direction of travel with 
the finer material being concentrated near the end of the spit. This 
condition does not appear to obtain on the Gulf Coast beaches with the 
possible exception of the eastern section because other factors are in- 
volved. The beach sands are transported by southward-moving littoral 
currents only after the materials have been put in suspension by wave 
action. Thus the strength of wave action may be a determining factor 
which in turn is dependent on the direction of the prevailing winds. 
Orientation of the shore to effective wave fetch and depth of the water 
are some of the other determining factors. Martens (1935) in a study 
of the beach sands between Charleston, 8. C., and Miami, Fla., observed 
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Ficure 3—Mechanical and heavy-mineral analyses of Texas beach sands 
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AERIAL PHOTOGRAPH SHOWING SOUTHWEST CURRENT AT THE MOUTH 
OF COLORADO RIVER 
The outlet is an artificial channel through Matagorda Peninsula. The upper part of the 
view is Matagorda Bay. (Courtesy of Edgar Tobin Aerial Surveys, Inc.) 
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that beach drift due to oblique impact of the waves was an important 
agent in transportation. Earlier Johnson (1919, p. 94) had emphasized 
the importance of beach drift in short transportation. The Texas Gulf 
Coast line varies from nearly east-west along the Louisiana boundary 
to approximately north-south at the Rio Grande. Thus the effect of 
beach drift would be variable depending on the orientation of the shore 
with respect to the impact of the waves. Schalk (1938), in a study of 
the outer beach of Cape Cod, Mass., observed an increase in the median 
diameter in the direction of longshore drift. 


CURRENTS IN THE GULF OF MEXICO 


A knowledge of the shore currents is essential in explaining the dis- 
tribution of the various components of the heavy-mineral residue. 
Unfortunately, data on currents in the Gulf of Mexico, especially the 
western part, are incomplete. The Gulf Coast edition of the United 
States Coast Pilot (1936, p. 2, p. 42-43) comments as follows on the 
currents in the Gulf of Mexico: 


“Under normal conditions and at all seasons of the year, the waters passing 
northward through Yucatan Channel into the Gulf of Mexico spread out in various 
directions—westerly, northerly, and easterly. Taking the Gulf as a whole, the 
winter winds are northeasterly, and the summer winds southeasterly. . . . The cur- 
rents in the western end of the Gulf, from Vera Cruz to Galveston are weak and 
uncertain. The currents in the deeper portions of the Gulf are due largely to 
prevailing winds. Counter currents occur along the northern and western coasts 
of Cuba, ... along the coast west of Mississippi Passes, and probably off nearly 
the entire Gulf Coast of Florida. 


“In about latitude 27° N., where the trend of the coast changes from southwest 
to southeast, a counter current is formed which attains a considerable velocity 
or rotation and has been called the whirlpool of the Gulf. Vessels and barges 
disabled or broken adrift in the waters southeastward frequently go ashore abreast 
of this whirlpool.” 

The Pilot Chart of the Central American Waters, issued monthly by 
the Hydrographic Office, shows a well-defined counter current south- 
westerly along the shore, while a short distance offshore the circulation 
is to the northeast (Fig. 4). The counter current has a velocity in the 
vicinity of Galveston of 1.15 miles per hour and of 0.9 mile per hour 
in the vicinity of Corpus Christi. The counter current is clearly in- 
dicated on aerial photographs taken along the coast at the mouths of 
rivers (Pl. 3). The muddy water of the river is clearly outlined on the 
photograph, and upon entering the Gulf it swings abruptly southward 
along the coast. 

ORIGIN OF OFFSHORE BARS 


Some of the results obtained in this study of beach sands indicate a 
method of origin of the offshore bar, or barrier beach, as it is sometimes 
known, which is not in accord with the generally accepted view. Johnson 
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Ficure 4—Currents in the Gulf of Mexico 
From U. S. Hydrographic Office pilot chart. 
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(1919, p. 350) reviewed the evidence as to the origin of the offshore bar 
and accepts the theory of De Beaumont (1845), who explained the origin 
as the result of wave erosion on a shallow sea floor, rather than Gilbert’s 
(1885) theory, which contends that the offshore bar is made up of shore 
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Ficure 5.—Section of Texas Gulf Coast in the vicinity of Galveston showing offshore 
bars 


drift which is moved parallel to the coast by longshore currents. Johnson 
admits that there is abundant evidence of longshore transportation of 
debris along the seaward side of most offshore bars, but he does not 
believe that the volume of material in the bars could be provided by 
erosion of the headlands. In considering the Texas Coast Johnson (1919, 
p. 373) assumes that the delta of the Rio Grande is the headland furnish- 
ing the debris and postulates a northward longshore current to distribute 
the sand along the site of the offshore bar. There is apparently no sug- 
gestion that the material might be supplied directly by the rivers. 
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In considering the offshore bars of the Texas Coast several character- 
istics are readily apparent. The peninsulas are, in all cases, attached 
to the mainland on the northeastern end and extend out with a free end 
to the southwest. This is illustrated by Bolivar Peninsula (Bolivar Pt., 
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Ficure 7.—Section of Texas Gulf Coast in the vicinity of Corpus Christi showing 
offshore bars 


Fig. 5) and Matagorda Peninsula (Fig. 6). The offshore bar islands are 
in general wide and blunt on the northeastern end and taper to a point 
to the southwest. This is illustrated by Galveston Island (Fig. 5) and 
Mustang and St. Joseph islands (Fig. 7). The material brought in by the 
streams is swept southwestward along the coast by the current, building 
up the ends of the islands on the downcurrent side of the outlets (Fig. 
6). The Colorado River formerly emptied into Matagorda Bay and dis- 
charged through Pass Cavallo into the Gulf of Mexico. On emerging at 
Pass Cavallo the material was swept southwestward by shore currents 
building the end of Matagorda Island out into the Gulf in front of Mata- 
gorda Peninsula. Similar conditions exist at other points along the 
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coast (Figs. 5, 7). Additional evidence is needed before this suggestion 
can be fully accepted, but on the basis of mineral composition it appears 


to be entirely plausible. 
CONCLUSIONS 


(1) The mineral composition of the beach sands is influenced by the 
load brought in by each stream. 

(2) Wide differences in mineral composition occur in relatively short 
distances due to the position of the beach with reference to the 
mouths of streams. 

(3) Green hornblende is more abundant farther from its source due to 
selective sorting. 

(4) The character of the drainage basin of a stream is reflected in its 
suite of heavy minerals. 

(5) The Rio Grande contains a suite of heavy minerals in which basaltic 
hornblende and pyroxene are most abundant. 

(6) The Colorado River contains a suite of heavy minerals in which 
green hornblende is most abundant. 

(7) The other streams—the Nueces, Guadalupe, Brazos, Trinity, and 
Neches—all have assemblages of heavy minerals composed largely 
of the more durable minerals. 

(8) The distribution of heavy minerals along the beach is the result 
of southwestward shore currents, resulting in a distribution of 
Colorado material far to the south of the mouth of the river. Rio 
Grande material extends only a relatively short distance northeast- 
ward from the mouth of the Rio Grande. 

(9) It is suggested that sand carried by streams emptying into the 
Gulf of Mexico is carried southwestward by shore currents form- 
ing the offshore bars. : 

(10) There is a definite need for more information on the currents in 
the Gulf of Mexico. 
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INTERIOR OF THE EARTH VIEWED IN ITS RELATION TO 
EARTHQUAKE CAUSES 


VIEWPOINT OF SEISMOLOGY 


BY ERNEST A. HODGSON 


(Contribution to the Symposium at Fordham University Centenary Celebration, 
September 15-17, 1941) 


In accepting a commission to present a paper on a prescribed subject, 
a speaker tacitly reserves the right to make his own interpretation of the 
title assigned. Let us examine the limitations which one might define when 
considering, from the viewpoint of seismology, the symposium subject: 
“The Interior of the Earth Viewed in Its Relation to Earthquake Causes”. 

The first limitation which seems justified is that the discussion should 
be confined to that part of the earth’s interior where conditions or 
potentials exist which do or which may contribute to the cause of earth- 
quakes. As most earthquakes originate at depths ranging from, say, a 
kilometer to about 700 km., one might at first thought decide to consider 
only the spherical shell within the earth which is bounded by these two 
horizons. 

That there is ample scope for discussion even with this stricture may 
be taken for granted. It would be desirable, however, to extend the depth 
range to include, for secondary consideration, those horizons in which 
conditions exist which contribute to the data on which are based the 
accepted theories as to the cause of earthquakes. 

If this be granted, the upper limit must be raised to the actual surface 
of the earth and the lower set at its very center. For the mountains and 
the ocean basins, the geosynclines and the tectonic structures of the outer 
crustal layers are certainly surface indications which contribute to our 
deductions as to the cause of shallow-focus earthquakes. And the discon- 
tinuities, especially the great discontinuity at the core, together with the 
distribution of elastic properties and density give similar evidence on 
which are based the accepted conclusions as to the cause, and even the 
very existence, of deep foci. 

It may be assumed, then, that the primary concern in this presentation 
is that range of depths in which earthquakes originate, but that it is 
proper to admit the discussion of so much of the rest of the earth’s interior 
as may contribute to an understanding of the cause of earthquakes. 
Further, since the viewpoint is that of seismology, the paper is limited to 
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an examination of those data which have been obtained directly from 
studies of earthquakes and of their instrumental records. 

Dutton (1904, p. 193) expressed what was the accepted view of 
seismologists of his day when he set the maximum depth of earthquake 
foci at 20 miles. When, in 1921, Walker deduced probable depths as great 
as 800 mi., his conclusion did not find general acceptance. It was sup- 
ported, however, by a series of papers by Turner, of which the first ap- 
peared in 1922. Wadati’s first paper on the distinctions indicating the 
existence of shallow and deep-focus earthquakes appeared in 1928. 

Since then, the evidence has grown from the studies of many; so that 
today seismologists generally accept the conclusion that earthquake foci 
may appear at depths as great as 700 km. One of the earlier papers, 
which served to convince even the most reluctant, was the doctorate thesis 
of Father Stechschulte, published in 1932. A paper by Scrase, based on 
studies carried out about the same time but published a few months 
earlier, set forth in some detail the characteristics of deep-focus earth- 
quakes as shown by seismograph records. The graphs, published by 
Father Brunner in 1935, brought the means for ready evaluation of focal 
depths from seismograms into the hands of station operators, who were 
thereby able to prove readily for themselves, through the evidence shown 
by their own current records, the inescapable conclusion that earthquakes 
do originate in some cases at very considerable depths, or “finite depth” 
as Walker put it two decades since. Father Macelwane (1933, p. 32) gave 
the name “plutonic earthquakes” to this newly accepted class of foci. 
Within the past few years, a series of papers by Gutenberg and Richter 
(1934; 1936; 1937; 1938; 1939) has brought together an overwhelming 
mass of evidence concerning them, so that today any hypothesis of earth 
structure in the zone of earthquake foci must take cognizance of these 
modern data. 

Accepting for the moment the statement that earthquakes originate at 
foci which may be classified as “shallow” and “deep”, attention may be 
directed to the theories advanced to explain the cause of earthquakes. 
We shall consider initially only shallow-focus shocks, the so-called ‘“nor- 
mal” earthquakes, and may profitably pass over the early philosophical 
theories as to their cause, which range from the supernatural to the 
pseudoscientific. One of the first inescapable deductions from the data 
obtained through the world-wide network of seismograph stations set up 
through the efforts of Milne, toward the end of the nineteenth century, 
was that they could not be generally due to volcanic action. The natural 
division into voleanic and tectonic, or structure building earthquakes 
followed. It is with the cause of tectonic earthquakes that we here con- 
cern ourselves. 
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As observed by Leet (1938, p. 6), there is ample evidence to show that 
whatever be the origin of the forces at work to change the structure of 
the earth “it may be accepted as axiomatic that the cause of earthquakes 
is intimately related to the universal mobility of the earth’s surface”. 
Some suggestions which have been offered as to the mechanisms by which 
these forces might be built up are: the shrinkage of the earth due to cool- 
ing, the variation with latitude and depth of the horizontal component of 
centrifugal force (Polfluchtkraft), the transfer of sediments and the re- 
moval of great ice sheets. Certainly the cause of shallow-focus earth- 
quakes is closely related to orogenic or epeirogenic forces. Critical ex- 
amination of the above mechanisms by many specialists show that each 
seems insufficient, by itself, to account for the evidences found by geologists 
on the surface of the earth. Each implies a rigid crustal layer of con- 
siderable strength overlying one, more or less deep, of weak, but dense and 
viscous, material. This concept is supported by the measurements of 
gravity and geodesy. We confine our attention to the evidence from 
earthquakes and their records. 

In 1906 a great earthquake displaced the San Andreas fault in Cali- 
fornia throughout a surface span of more than 200 miles. Some hori- 
zontal displacements of adjacent edges of this fault were more than 20 
feet. After studying the evidence obtained, Reid (1910; 1911) proposed 
the “elastic-rebound” theory to account for the data. According to this 
theory the forces, in this case largely horizontal, had been built up by 
some one or more of the mechanisms mentioned or by others not yet sus- 
pected. These forces tending to cause the shift were opposed by friction, 
thus storing up in the distorted edges of the fault the energy which was 
released at the time of the earthquake. This explanation is generally 
accepted in the case of normal earthquakes. 

That some earthquakes result from forces with a strong vertical com- 
ponent is evidenced by many field studies. The vertical displacement in 
the Hawke Bay earthquake in New Zealand in 1931 was, in places, as 
great as 8 feet; while in the Alaskan earthquake of 1899 the sudden verti- 
cal uplift was nearly 50 feet. It may be granted from field studies of 
shallow-focus earthquakes alone that both horizontal and vertical move- 
ments occur with many examples of a combination of these, resulting in 
oblique shifts at the exposed fault scarp. In each of these, neglecting 
the unsettled question of the mechanism which caused the strain to 

develop, it may be taken as a fact that the earthquake was a manifestation 
of a release of strain as set forth in Reid’s theory of elastic rebound. 

Other papers in this symposium dealt with the subject of isostasy. The 
only observation to be made here is that the depth of isostatic compensa- 
tion is not likely to be a discontinuity as evidenced by the travel times 
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from earthquakes. Daly (1933, p. 198) states that the elastic properties 
and the density of a rock changing from crystalline to vitreous condi- 
tions at depth vary in about the same ratio, so that a sudden transition 
in seismic wave velocity is not to be expected; and, according to Guten- 
berg (1939, p. 305), it cannot be observed. We are not here concerned 
directly with wave velocities except insofar as they reveal conditions 
which have some bearing on the cause of earthquakes. The Mohorovicié 
discontinuity, at a depth of 30-40 km. is, according to general seismologi- 
cal opinion, not to be identified with the depth of isostatic compensation 
at a depth variously estimated at from 10-120 km. but certainly well 
within the asthenosphere. Not more than 2 decades past it was generally 
supposed that earthquake foci could not occur in the asthenosphere. 

The seismological evidence that foci do occur at such depths is over- 
whelmingly conclusive. Walker deduced the fact from computed angles 
of emergence, based on data furnished by Galitzin. The attention of 
Turner was first directed to it by the too early arrival times at the anti- 
podes of seismic waves from certain foci which he defined as “deep.” 
Two phases due to longitudinal waves reflected at the surface should 
occur if the focus is appreciably deep, as was pointed out by Walker as 
early as 1921. These two phases have been identified in many studies 
of records from plutonic earthquakes. There should be a marked reversal 
in curvature in the time-distance curves for deep foci. A number of 
earthquakes have been intensively studied from the world records, as 
was that of the Japanese earthquake of March 29, 1928, by Stechschulte. 
The reversal of the time-distance curve has thus been firmly established. 

Certain characteristics identify a record at once as having been due 
to waves from a deep focus. The phases are more numerous and are 
sharply defined. There is a markedly smaller surface phase. The interval 
between the arrival of the direct longitudinal and transverse waves is ab- 
normally long for short epicentral distances. 

The characteristics of earthquakes from deep foci are no less pro- 
nounced than those of their seismograms. Although the latter prove the 
shock to have been very severe, the surface disturbance, even at the epi- 
center, is relatively small. Wider areas feel the tremors more than is the 
case for shallow-focus shocks. The direction of the motion at or near 
the epicenter is noticeably vertical. 

The above paragraphs do not, by any means, complete the list of evi- 
dence proving the occurrence of foci at considerable depths. It is not 
the province of the present paper to detail these nor to outline the various 
means for determining the depth. The above sources of evidence have 
been given as a brief indication to those approaching this subject [of this 
symposium] from other fields of research that the fact of deep foci has 
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been established beyond doubt and that the determinations of epicenters 
and focal depths for a large number of these have been carried out with 
at least fair accuracy. Some, studied in great detail, serve to check the 
rougher estimates made for others. A great mass of data has been gath- 
ered in the two papers by Gutenberg and Richter entitled Materials for 
the study of deep-focus earthquakes. Similar lists were published earlier 
by Turner, Wadati, Berlage, Stoneley, Sharpe, and others. 

We are here concerned with the geographical distribution of the epi- 
centers of earthquakes and with their focal depths; for these are in- 
escapably related on the one hand to the cause of earthquakes and, on 
the other, contribute to our knowledge of the interior of the earth. But 
before discussing this ultimate phase of the subject we must outline one 
further pertinent phase of seismological evidence. 

In some earthquakes the direction of the initial movement of the ground 
at a distant station, due to the arrival of the first longitudinal wave, is 
down or toward the epicenter, in others it is up or away from the epi- 
center. Movements of the first type are called kataseismic, those of the 
second type anaseismic. It has been found that earthquakes show 
anaseismic motion at some stations and kataseismic motion at others. 
Further study has revealed other facts about this distribution which are 
exceedingly interesting but which do not contribute to the present sub- 
ject. One feature does do so, however. It has been found that initial 
motions at any given station for all foci in a given epicentral region are 
almost always either kataseismic or anaseismic. The implication of this 
observation is far reaching. 

It was early suggested that deep-focus earthquakes might be due to 
explosions at depths so great that the lack of strength in the rocks would, 
it was argued, preclude the possibility of slippage along fault planes. If 
that were the case, then all such deep-focus earthquakes should always 
record as anaseisms. As they do not, the motion being kataseismic at 
stations in some azimuths from the epicenter and anaseismic in the others, 
we are almost forced to conclude that the mechanism of plutonic earth- 
quakes is the same as for those originating at lesser depths, 7.e., slippage 
on a fault plane. The strong transverse waves generated from deep foci 
are further evidence supporting this assumption. 

We come now to the distribution of earthquake epicenters and their 
foci. Before any distinction was made between the two classes of foci, 
many earthquake maps were constructed. These showed with increasing 
emphasis, as the more accurate seismological data accumulated, that, in 
general, the regions of greatest seismic activity were closely associated 
with mountain building. A belt of high seismicity circles the Pacific. An- 
other crosses through the Dutch East Indies across the north of India to 
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the Mediterranean. A third, of minor importance, begins near Iceland 
and traverses the mid-Atlantic. Also, as time went on, a further truth 
emerged with considerable emphasis,—severe earthquakes sometimes oc- 
cur quite outside these belts. 

We now speak of earthquake foci at depths up to about 60 km. as 
normal, those in the approximate range 60-250 km. as intermediate, and 
those at 250 km. and greater as deep. While normal and intermediate 
earthquakes may occur outside the seismic belts, deep foci occur only 
in those belts and only in five general regions thereof, namely: Japan, 
the Dutch East Indies, New Guinea, the New Hebrides, and in the west- 
ern part of South America, respectively. We may examine in some detail 
the Japanese group. 

In his earlier papers, Wadati concluded that it was possible to draw 
lines of equal focal depth through the epicenters of earthquakes plotted 
on a map of the Japanese islands. These lines, which might be called 
isobathyseismals, were, as he drew them, wide arcs roughly parallel to 
the western edge of the Kurile-Japanese deep. Later, Wadati abandoned 
the isobathyseismals but defined two deep-focus zones. One of these 
lies approximately northwest-southeast or transverse to the main Japa- 
nese island, Honsyu, a little south of Tokyo, and extends up into the Sea 
of Japan and down into the Pacific. A second zone, of lesser importance, 
runs almost at right angles to the first from its upper end and bears 
roughly northeast across the northern tip of the second largest island, 
Hokkaido. 

The plotting, by Gutenberg and Richter (1938), of the locations, care- 
fully computed from all the reliable data available, confirm these two 
zones defined by Wadati but reveal a striking fact: that the deep foci 
all lie on the edge of the zones farthest from the Pacific. This same 
arrangement is found for the Dutch East Indies region and for South 
America where the deep foci are found to the east of the Andes. The 
shallow foci lie nearest the ocean deeps and the intermediate ones be- 
tween the other two. So far, the South American data reveal no foci 
between 290 and 600 km. 

It must be noted that data on depth of focus are not available for 
more than 30 years past and that only during the last decade have they 
been of present-day accuracy. It is therefore not very safe to generalize. 
However, for what it is worth, we may sum up by saying: that the fact 
of deep foci is well established; that various criteria for determining 
depth are known and yield concordant values which are of high percent- 
age accuracy; that the deep foci of which we so far have record are 
confined to the five regions mentioned; that they are associated with 
intermediate and shallow foci in a distribution which roughly shows the 
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deep foci farthest from the oceanic deeps and the shallow foci nearest; 
that the deep foci show anaseismic and kataseismic properties which are 
generally the same as for intermediate and shallow foci in the same re- 
gion; and that deep foci show strong transverse waves on their seis- 
mograms. 

The interpretation placed on the above is that, in the five regions men- 
tioned, there are deep, oblique, thrust faults which we might call geo- 
fault-planes and that all the foci result from slippage on these great 
planes. 

Accepting this interpretation, we may examine a little more closely 
the phenomena of deep foci. It has been found that these “repeat” as do 
shallow foci. That is to say, shocks of almost equal intensity are re- 
corded from the same focus at intervals of 2 years and less. If the inter- 
pretation of the paragraph next above be true, then forces must be at 
work building up strain at depth at a remarkably high rate. Moreover, 
the fact of repeat shocks is a mortal blow to the theory of an explosive 
cause for these deep foci. 

It is also found that aftershocks occur in connection with deep foci 
as they do for those more shallow; again indicating a common mechan- 
ism. They are probably quite as numerous, but the smaller ones fail to 
record at the great distances due to the depth involved; just as small after- 
shocks at normal foci record only at near stations. 

In certain regions the horizons at which the deep foci occur seem to be 
restricted. For example, in South America, many foci occur at depths 
from 600 to 660 km. with epicenters east of the Andes, while intermediate 
shocks at depths of 100 to 290 km. have epicenters in the Andean zone 
with strong normal shocks in the oceanic deeps and the coastal plane. 
In other regions the distribution in depth is almost continuous, as in Japan 
and in the Dutch East Indies. 

A strong deep-focus earthquake occurs on the average about once a 
year. There seems to be no particular relation between their intensity 
and their depth, some of the strongest being at nearly 700 km. So far, 
again we repeat, so far, no depth appreciably greater than 700 km. has 
been found. 

This seems to present the case from the seismological viewpoint. It 
is perhaps not out of place, in conclusion, to point out that the laboratory 
experiments of Griggs, Bridgman, and others show that plastic flow of 
rocks at high confining pressures and temperatures exhibits a stop-and- 
go phenomenon which lends strength to the deduction that, even in the 
asthenosphere, the viscosity is so high that, if the forces build up with 
sufficient rapidity, slippage along fault planes could occur as in the 
lithosphere. The repeat foci show that the building up of these forces 
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is remarkably rapid. The question of the mechanism by which they so 
accumulate lies beyond the scope of the present discussion. 
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ABSTRACT 


The Hamilton of Indiana consists of the Speeds, Deputy, Silver Creek, Swanville, 
and Beechwood formations, each with a distinct fauna. The lithology, range, and 
characteristic fossils of these formations and the Jeffersonville are given, and past 
errors of correlation discussed. Beds in northern Indiana previously assigned to 
the Jeffersonville are correlated with the Beechwood of southern Indiana. 


INTRODUCTION 


The Devonian limestones at the Ohio Falls have been studied for 
more than a century; their corals are known the world over. The strata 
in adjacent territory have received much less attention, and a miscon- 
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ception of their faunal and stratigraphic relations to those at the Ohio 
Falls has led to confusion of the Indiana Devonian. 

This paper summarizes the results of 40 years of intermittent study of 
the Jeffersonville formation and Hamilton group. All species listed have 
been collected by the writer from the formations to which they are 


credited. 
DISTRIBUTION 


The Devonian limestones crop out in a belt about 5 to 15 miles wide, 
extending north about 75 miles from the Ohio River through Clark, Scott, 
and Jennings counties and into Bartholomew County. The maximum 
thickness is about 90 feet, but scarcely 50 feet appears in any one section. 
Beds of Hamilton age occur along the Wabash River in Cass and Carroll 
counties, northern Indiana. 


PREVIOUS CLASSIFICATION 


All the Devonian in the Ohio Falls area was included in the Cornifer- 
ous until Borden (1874) recognized the Hamilton age of the hydraulic 
and crinoidal limestones. Kindle (1899) proposed the name Sellers- 
burg for the Hamilton strata and Jeffersonville for the underlying beds 
and later (1900) fully treated the stratigraphy and paleontology of the 
Devonian limestone. Siebenthal (1900) proposed the name Silver Creek 
for the hydraulic limestone and Sellersburg for the crinoidal limestone. 
Butts (1915) applied the name Beechwood to the crinoidal limestone and 
included the Silver Creek and Beechwood in the Sellersburg as members. 
The Geneva, which underlies the Jeffersonville from Charlestown north- 
ward, was named by Collett (1881) and included in the Corniferous, but 
he gave no evidence for this assignment. Kindle (1900) placed it in the 
Devonian but made no more definite statement as to its affinities. The 
relation of the Geneva to the Jeffersonviile has never been determined 
satisfactorily. 

PRESENT CLASSIFICATION 
DEVONIAN 


New Albany shale (in part) 
Erosional disconformity 
Hamilton group: 
Beechwood formation with “Spirifer” venustus 
Erosional disconformity 
Swanville formation with Tropidoleptus carinatus and Chonetes coronatus 
Silver Creek formation with “Spirifer”’ oweni and Paracyclas lirata 
Deputy formation with “Spirifer” mucronatus 
Speeds formation with Rhipidomella vanuremi 
Onondaga 
Jeffersonville formation: 
“Spirifer” acuminatus zone 
“Spirifer” gregarius zone 
Coral zone with Meristella nasuta 
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ception of their faunal and stratigraphic relations to those at the Ohio 
Falls has led to confusion of the Indiana Devonian. 

This paper summarizes the results of 40 years of intermittent study of 
the Jeffersonville formation and Hamilton group. All species listed have 
been collected by the writer from the formations to which they are 


credited. 
DISTRIBUTION 


The Devonian limestones crop out in a belt about 5 to 15 miles wide, 
extending north about 75 miles from the Ohio River through Clark, Scott, 
and Jennings counties and into Bartholomew County. The maximum 
thickness is about 90 feet, but scarcely 50 feet appears in any one section. 
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Butts (1915) applied the name Beechwood to the crinoidal limestone and 
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The Geneva, which underlies the Jeffersonville from Charlestown north- 
ward, was named by Collett (1881) and included in the Corniferous, but 
he gave no evidence for this assignment. Kindle (1900) placed it in the 
Devonian but made no more definite statement as to its affinities. The 
relation of the Geneva to the Jeffersonville has never been determined 
satisfactorily. 
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DISCUSSION OF FORMATIONS 
JEFFERSONVILLE FORMATION 


General statement——The Jeffersonville overlies the Silurian Louis- 
ville dolomite from the Ohio Falls north to Charlestown, and the 
Geneva north of Charlestown. The Geneva nowhere grades into the 
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Ficure 2.—Distribution of the Devonian formations in Southern Indiana 


Jeffersonville either laterally or vertically; the two formations can al- 
ways be distinguished lithologically or by the irregular contact. The 
Jeffersonville is 30 feet thick at the Ohio Falls and through Clark 
County and 13 feet thick in the vicinity of Burnsville, Bartholomew 
County. 

Coral zone—The coral zone, 10 feet thick, occupies two beds, each 
with some exclusive species but also with many common to both. The 
lower bed, fine- to coarse-grained crystalline limestone, has a great 
abundance of corals, many in their natural position of growth. Brachio- 
pods occur in the lower half of this bed but are available only at low 
stages of the river. 

The upper stratum contains irregularly bedded layers of gray lime- 
stone with thin partings of carbonaceous matter. It contains only 
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corals and species of Stromatopora which occur in a tangled mass of 
broken and whole specimens. 

Fossils: Blothrophyllum decorticatum Billings, Acrophyllum onei- 
daense Billings, Zaphrentis compressum Edwards, Z. ungula Hall, Helio- 
phyllum halli Edwards and Haime, H. exiguum Billings, Favosites 
emmonst Rominger, F. hemispherius Troost, F. limitaris Rominger, 
F. tuberosus Rominger, Syringopora perelegans Billings, Cyathophyllum 
rugosum Hall, Synaptophyllum stramineum Billings, “Spirifer” divari- 
catus Hall, Stropheodonta demissa (Conrad), Strophonella ampla (Hall), 
Meristella nasuta (Conrad), Conocardium cuneus Hall, Platyceras 
compressum Nettelroth, P. conicum Hall, Dalmanites anchiops Green, 
and Proetus crassimarginatus Hall. 


“Spirifer” gregarius zone——This zone, about 10 feet thick, includes 
the “Stromatopora zone”, the “Turbo bed”, and part of the “Coral zone” 
of other workers. Two feet has been given as the thickness of the 
“Spirifer” gregarius zone and 8 feet for the “Stromatopora zone”, but a 
few miles north of the Ohio River Stromatopora is rare, and “Spirifer” 
gregarius occupies the entire zone. A great abundance of “Spirifer’” 
gregarius associated with Heliophyllum corniculum is a conspicuous 
feature of the upper part of this zone. Compound corals are rare, and 
several species of cup corals are common, but most of the corals found 
in the beds below are absent. This zone is much more fossiliferous 
at Charlestown than at the Ohio Falls. The more common fossils are: 
Heliophyllum corniculum Rominger, Blothrophyllum promissum Hall, 
“Spirifer” gregarius Clapp, Paracyclas elliptica Hall, Turbo shumardi 
DeVerneuil, Euomphalus decewi Billings, Bellerophon pelops Hall. 


“Spirifer” acuminatus zone.—This zone consists of a thick bedded 
white to gray limestone with layers of chert at different levels, usually 
at the top. “S.” acuminatus is abundant in the upper part and “S.” 
duodenarius in the lower. The coral element of the Jeffersonville has 
nearly disappeared. Prismatophyllum davidsoni, Striatopora alba 
Davis, Aulacophyllum sulcatum (D’orbigny), and a few other cup 
corals are common. Bryozoa are abundant, and at the bottom of the 
zone a thin layer is filled with Bryozoa and ostracodes. The following 
species are common to abundant: “Spirifer’ acuminatus (Conrad), 
“8.” griert Hall, “S.” duodenarius Hall, Reticularia fimbriata (Conrad), 
Atrypa “reticularis” (Linnaeus), A. spinosa Hall, Athyris spiriferoides 
(Eaton), Philhedra crenistria (Hall), Chonetes mucronatus Hall, Pholi- 
dostrophia towaensis (Owen), Stropheodonta concava Hall, Leptostro- 
phia perplana (Conrad), Schizophoria “striatula” (Schlotheim), Pen- 
tamerella pavilionensis Hall, Rhipidomella vanuxemi (Hall), Productella 
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spinulicosta (Hall), Nucleospira concinna (Hall), Aviculopecten princeps 
(Conrad), Platyceras dumosum Conrad, P. thetis Hall, Ptomatis patulus 
Hall, Phacops rana Green, Proetus crassimarginatus Hall. 


SPEEDS FORMATION 


South of Sellersburg the Jeffersonville is overlain by the Silver Creek, 
but northward the Speeds lies between the Jeffersonville and Silver Creek. 
Sutton and Sutton (1937) used a terminal shelly facies located at 
Speeds in describing and naming the formation, but they only recognized 
it in the neighborhood of Speeds. They assigned it to the Hamilton 
as a member of the Sellersburg. 

The Speeds in the region of its fullest development is a hard blue 
crystalline limestone which weathers to irregular thin layers and spalls. 
In the neighborhood of Sellersburg and Charlestown it weathers to a 
shelly mass leaving many of the fossils free. A line drawn from a 
point 1 mile south of Sellersburg to Utica approximates its southern 
limit. It is from 1 to 3 feet thick at Sellersburg, 13 feet thick at 
Lexington, and 1 to 3 feet thick in Jennings County where it ends. The 
Speeds is equivalent in part to the “North Vernon blue limestone” of 
Borden (1875). 

In Seott and Jennings counties the Speeds can always be recognized 
by its blue color and abundance of Rhipidomella vanuxemi Hall; in 
the Sellersburg area by abundant Stropheodonta “demissa” (Conrad) 
and Athysis fultonensis (Swallow). These species, and “Spirifer” 
byrnesi Nettleroth and Hadrophyllum d’orbignyi Edwards and Haime, 
are especially characteristic. Additional species are: Aulopora sp., 
Zaphrentis deformis Hall, Chonetes sp., Leptaena “rhomboidalis” (Wil- 
ckens), Schizophoria “striatula” (Schlotheim), “Spirifer” sp., “Spirifer” 
varicosus Hall, “Spirifer” sp. about 3 inches wide, “Spirifer”’ hobbsi 
Nettelroth, Cyrtina hamiltonensis Hall, Productella spinulicosta Hall. 


DEPUTY FORMATION 


The Deputy formation is a blue to gray limestone weathering light 
gray. In fresh material it is difficult to distinguish from the Speeds 
except by the fossils; it has always been included with the Speeds as a 
part of the Jeffersonville or Sellersburg. The Deputy can be distin- 
guished by abundant Cyrtina beaks on weathered surfaces and often 
by the light-gray boulderlike masses produced by solution. 

The Deputy is 6 feet thick at Deputy; 5 miles south of Deputy 
(section 5) it is 3 inches thick and is overlain by 3 inches of Silver 
Creek; at Vernon it is from 1 to 3 feet thick but does not extend north 
of Jennings County. 
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A secondary road crosses highway 3 three-fourths of a mile south of 
Deputy. In the bed of a small creek in the southeast angle of the 
road intersection the formation contains abundant “Spirifer” mucronatus 
and other species. Along the secondary road half & mile east of the 
intersection, in a quarry, the Deputy limestone occurs between the 
Speeds and Swanville limestone as shown in section 8. This is selected 
as the type section and the name Deputy is proposed for the formation. 

Fossils: Abundant: “Spirifer” mucronatus Hall, Pholidostrophia 
iowaensis (Owen), Cyrtina hamiltonensis (Hall), Stropheodonta con- 
cava Hall; rare to common: Rhipidomella vanuxemi (Hall), Leptaena 
“rhomboidalis” (Wilckens), Actinopteria sp. (very large), Limoptera sp. 
(very large), Glyptodesma sp. 


SILVER CREEK FORMATION 


The Silver Creek is best known as an argillaceous or hydraulic lime- 
stone formerly used for the manufacture of cement. It contains vary- 
ing amounts of lime, chert, and sand in different territories. It reaches 
a maximum thickness of 24 feet near Sellersburg and ranges from 12 
to 16 feet thick in central Clark County, from 3 to 6 feet at Lexington, 
and wedges out between Lexington and Blocher (section 5). A small 
remnant was recognized north of Deputy (section 9). 

At most places the Silver Creek is a medium-hard bluish-drab uni- 
formly fine-grained argillaceous magnesian limestone. It contains two 
lithic zones, with different faunal associations, usually in two beds, 
which are separated by a bedding plane or a thin bed of shaly material. 
The lower bed, usually the thicker, always has the lithic characters just 
described and contains calcified fossils, many of which retain their 
minute surface markings. Chonetes yandellanus and “Spirifer” oweni 
are very abundant in the lower bed, and Atrypa “reticularis” and 
“Spirifer” fornaculus are common, but other species are rare. 

The upper bed of the Silver Creek varies from an argillaceous, 
magnesian limestone to a harder, more calcareous, sometimes arenaceous 
limestone, and locally contains interbedded layers of chert nodules. The 
fossils of this bed are silicified and much more abundant than in the 
lower bed, and many species are present. Paracyclas lirata and other 
clams are characteristic. 

West of the Pleasant Run line’ the Silver Creek contains the purer 
hydraulic limestone; east of this line only the lower bed contains the 
purer hydraulic limestone, and the upper bed contains different pro- 


1The line P—R, Pleasant Run line (Fig. 1) locates several stratigraphic and topographic features 
referred to in this paper. It probably represents a small anticline which was present in the 
Middle Devonian and influenced some of the stratigraphic features under study, also causing the 
formation of the Ohio Falls. 
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portions of the arenaceous and calcareous elements, which increase 
toward the top of the bed and toward the east. Also, east of the 
Pleasant Run line, the upper bed contains interbedded chert in layers 
and nodules, but little or no chert is found west of that line. 

The Hamilton beds have been eroded from most places in eastern 
Clark County, but between Charlestown and New Market a more 
caleareous facies of the Silver Creek is present. There, it is harder, 
more weather resistant, more arenaceous, and without the hydraulic 
qualities of the western facies. At the old quarries of two defunct cement 
companies * the upper bed of the Silver Creek grades into an arenaceous 
and caleareous limestone, which is an extension of the facies at New 
Market. Siebenthal (1900) referred to this facies at the two quarries 
as indicating “that in localities the deposition of the cement rock pre- 
vailed on through the time of deposition of the Sellersburg [Beechwood] 
limestone”; and Kindle (1900), referring to the same localities, said: 
“Tt will be seen from the above that no satisfactory stratigraphic divi- 
sion of the Sellersburg beds [Silver Creek and Beechwood] as here 
developed can be made.” Siebenthal and Kindle evidently regarded 
the upper caleareous portion as what is now known as Beechwood, 
but at both localities it contains Silver Creek fossils; the Beechwood 
is absent, and the Silver Creek is overlain by the New Albany shale. 
At some places between Charlestown and New Market the calcareous 
facies occurs below cherty beds of Silver Creek, and the typical Beechwood 
overlies the Silver Creek with an erosional disconformity as shown by 
a basal conglomerate and the absence of the Swanville formation. 

In the Graves quarry (section 3) this calcareous facies is well 
developed at the top of the Silver Creek, contains abundant “Spirifer” 
oweni, and is conformably overlain by the Swanville formation, which 
contains abundant Tropidoleptus carinatus and Chonetes coronatus. 

The two facies of the upper bed of the Silver Creek more or less 
merge in central Clark County and contain layers of bedded chert and 
chert nodules. This chert zone is thickest at Charlestown and Watson, 
where it is 6 to 10 feet thick. From these centers it thins in all direc- 
tions. It is 114 feet thick at the Ohio River and 2 to 6 feet thick 
elsewhere east of the Pleasant Run line. Whitlatch and Huddle (1931) 
proposed the name “New Chapel chert bed of the Silver Creek lime- 
stone” for this cherty zone, but since it is only local and perhaps of 
secondary origin, and does not identify the bed as a whole or at all 
localities the term seems unnecessary. 

Fossils: The 10 most abundant species of the Silver Creek given in 


2The Ohio Valley Co., W. cor. lot 34, Clark Grant; and Standard Cement Co., W. cor. lot 138, 
Clark Grant, north of Charlestown. 
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the order of their relative abundance are: Chonetes yandellanus Hall, 
“Spirifer” owent Hall, “S.” varicosus Hall, Atrypa “reticularis” (Lin- 
naeus), “Spirifer” fornaculus Hall, Camarotechia congregata (Conrad), 
Bembexia sulcomarginata (Conrad), “Spirifer” segmentum Hall, 
Modiomorpha concentrica (Conrad), and Phacops rana Green. 

Other common to rare species are: Aulpopora sp., Romingeria sp., 
Tropidoleptus carinatus (Conrad), Productella spinulicosta (Hall), 
Cyrtina hamiltonensis (Hall), Stropheodonta concava Hall, Leptostro- 
phia. perplana (Conrad), Athyris fultonensis (Swallow), Roemerella 
grandis (Vanuxem), Hederella canadensis (Nicholson), H. adnata Davis, 
Paracyclas lirata (Conrad), P. elliptica Hall, Limoptera cancellata Hall, 
Ptychodesma knappianum Hall and Whitfield, Nucula neda Hall, Modio- 
morpha affinis Hall, Loronema hydraulicum Hall, Gomphoceras oviforme 
Hall, G. turbiniforme Meek and Worthen, Platyceras bucculentum Hall. 
The fine longitudinal surface markings of some specimens of “Spirifer” 
owent from the lower bed show that it is not related to “S.” granulosus. 


SWANVILLE FORMATION 


A gray crystalline limestone overlies the Silver Creek and underlies 
the New Albany shale throughout the area of Hamilton outcrop. 
Heretofore it has been regarded as a continuous bed of the Beechwood, 
but it represents two distinet formations—the Beechwood and the 
Swanville. 

The Swanville formation is a thick-bedded hard bluish to gray 
crystalline limestone difficult to distinguish from the Beechwood on 
lithology alone. It occurs in a continuous bed from near Commiskey, 
Jennings County, to the southeast corner of Scott County. An isolated 
outcrop occurs at the Graves Quarry (section 3) in Clark County, and 
Swanville residual fossils have been collected at Utica, but no other 
outcrop is known in Clark County. The Beechwood and Swanville have 
not been found in the same section at any place. 

The Swanville formation is typically developed in the territory sur- 
rounding Lexington, Blocher, Big Spring, and Swanville and reaches a 
maximum thickness of 6 feet. Half a mile north of Lexington on high- 
way 3 it is exposed for several hundred yards and is from 3 to 6 feet 
thick. At the Scott-Jefferson County line on highway 256 1 mile west 
of Swanville it is 5 feet thick. This is selected as the type section, and 
the name Swanville is proposed for this formation. 

Characteristic fossils are: Tropidoleptus carinatus (Conrad), and 
Chonetes coronatus (Conrad), which are abundant near the middle 
of the formation, a large “Spirifer” n.sp. aff. “S.” iowaensis Owen, large 
Atrypa “reticularis” measuring 134 inches wide, Dendropora osculata 
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Davis, Drymopora auloporoidea Davis, and Gosseletia sp. Other fossils 
are: species of Zaphrentis, species of Aulacophyllum, Stropheodonta 
concava (Hall), Leptostrophia perplana (Conrad), Rhipidomella pene- 
lope (Hall), Pholidostrophia iowaensis (Owen), Chonetes yandellanus 
Hall, Productella spinulicosta (Hall), “Spirifer’ varicosus Hall, “S.” 
oweni Hall, Cornellites flabellus (Conrad), Platyceras bucculentum 
Hall, Phacops rana Green. 
BEECHWOOD FORMATION 

The Beechwood, defined by Butts (1915), is the crinoidal limestone 
of early workers, the Sellersburg of Siebenthal, and a member of the 
Sellersburg beds of Kindle. It is a thick-bedded hard gray crystalline 
limestone and very fossiliferous, with many species of corals, crinoids, 
and brachiopods. It overlies the Silver Creek in Clark County, the 
Deputy in Jennings County, and the Jeffersonville in Bartholomew 
County. 

One of the most typical and complete sections of the Beechwood, 
and the best place to collect fossils, is at the old Gheens quarry (section 
2), where half a mile of quarry face is exposed and large piles of dis- 
carded Beechwood blocks occur. Here the Beechwood consists of two 
beds, uniform in lithology and faunas. The base of the lower bed is a 
conglomerate, a few inches thick, of coarse limestone containing phos- 
phatic pebbles. About 1 foot on each side of the seam separating the 
two beds are thin layers of impure limestone separated by earthy coat- 
ings and many green splotches. At the base of the upper bed black 
phosphatie pebbles and flat cherty pebbles occur, and at some places a 
thin zone crowded with Ambocoelia umbonata overlies this con- 
glomerate. 

The formation is 8 to 10 feet thick from the Gheens quarry east to 
Prather. Between this quarry and Sellersburg it is 5 to 6 feet thick, 
elsewhere in Clark County from 1 to 2 feet thick, and in a narrow belt 
along the Pleasant Run line it is absent from many sections. It extends 
across Clark County and barely enters Scott County along Fourteen 
Mile Creek but is absent from there north to central Jennings County. 
It is 3 inches to 3 feet thick at Vernon and 6 inches to 2 feet thick west 
of Burnsville, Bartholomew County. 

The Beechwood is the only Middle Devonian formation extending 
into Kentucky beyond Jefferson County. The two divisions of the 
Beechwood and the middle zone of abundant Ambocoelia umbonata, 
as they occur in Indiana, are continuous through central Kentucky and 
occur at Irvine, Estill County. The writer cannot agree with Savage 
(1930) that any part of the Hamilton beds in Kentucky is younger 
than the Beechwood of Indiana. 


t 

* 


DISCUSSION OF FORMATIONS 1065 


The Beechwood can always be distinguished by its fossils,—the 
following are most characteristic: Dendropora neglecta Rominger, 
Favosites digitatus Rominger, F. eximius Davis, F. goodwini Davis, 
F. placenta Rominger, Michelinia insignis Rominger, Blothrophyllum 
zaphrentiforme Davis, Cystiphyllum americanum Edwards and Haime, 
Heliophyllum halli Edwards and Haime, H. juvene Rominger, Ancy- 
rocrinus bulbosus Hall, Eleutherocrinus cassedyi Shumard and Yandell, 
species of Dolatocrinus, species of Megistocrinus, “Spirifer” venustus 
Hall, Pentagonia bisulcata Hall, Vitulina pustulosa Hall, Centronella 
impressa Hall, “Delthyris” sculptilis Hall, Parazyga hirsuta (Hall), 
Camerophoria gainest (Nettelroth), Athyris spiriferoides (Eaton), 
Ambocoelia umbonata (Conrad), Cornellites flabellus (Conrad), and 
Platyceras conicum Hall. 

Other species are: Stropheodonta concava (Hall), Leptostrophia 
perplana (Conrad), “Spirifer” varicosus Hall, Productella spinulicosta 
(Hall), Pholidostrophia iowaensis (Owen), Atrypa “reticularis” (Lin- 
naeus), Rhipidomella vanuxemi (Hall), Chonetes coronatus (Conrad), 
Tropidoleptus carinatus (Conrad), Aviculopecten princeps (Hall), 
Conocardium cuneus (Hall), Phacops rana Green. 


EROSION IN CLARK COUNTY 


The New Albany shale overlies the Silver Creek, Swanville, or 
Beechwood at different localities in Clark County. The amount of the 
original Swanville or Beechwood deposition and the extent of pre- 
Beechwood or pre-New Albany erosion cannot be determined. The 
Beechwood has a basal conglomerate of cherty pebbles, and at some 
places the Beechwood advance removed some of the Silver Creek. In 
Clark County the Swanville is present only at the Graves quarry and 
there conformably overlies 24 feet of the Silver Creek, the two formations 
aggregating 29 feet thick. At the Gheens quarry, three fourths of a 
mile northwest of the Graves quarry, 8 feet of Beechwood overlies 14 
feet of Silver Creek without chert; half a mile northeast of the Graves 
quarry, at the Ohio Valley quarry in lot 35 Clark Grant, the New 
Albany rests on the Silver Creek; and half a mile farther northeast 
the upper bed of the Beechwood with a conglomeratic base overlies 
the Silver Creek. All the phases of deposition and erosion represented 
in Clark County are present within 1 square mile. 


REINTERPRETATION OF MIDDLE DEVONIAN OF INDIANA 


The stratigraphic boundaries that were originally assigned to the 
Jeffersonville, Silver Creek, and Beechwood are applicable only in 
the vicinity of the Ohio Falls. Borden (1874) first definitely determined 
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the Hamilton age of the “crinoidal limestone” and the “hydraulic lime- 
stone”, although the presence of the Hamilton had been reported previ- 
ously. Borden traced the crinoidal limestone and hydraulic limestone 
through Clark and Scott counties, and in Jennings County (Borden 
1875) identified beds known as the “North Vernon blue limestone” 
as equivalent to the crinoidal and hydraulic limestones, and stated: 
“It lies at the horizon of the hydraulic limestone of Clark County and 
here is a continuation of the same bed but is a differently constituted 
rock.” 

Kindle (1900) proposed the name Sellersburg beds to include the 
beds from the New Albany down to the lowest beds worked at the 
cement quarries, and the Jeffersonville as the limestone between the 
Sellersburg and the Niagara. 

Siebenthal (1900) proposed the name Sellersburg for the crinoidal 
limestone and gave the New Albany as the upper boundary and the 
Silver Creek as the lower boundary. He described the Silver Creek 
as the hydraulic limestone between the Sellersburg and Jeffersonville. 

These definitions fail to recognize the Speeds, Deputy, and Swanville 
formations, and their omission, of the Speeds especially, has caused 
much confusion. No list of Indiana Devonian fossils is known, except 
a list of corals by Davis (1885), in which the species from the six dif- 
ferent formations are not thoroughly scrambled. The failure to recog- 
nize the separate identity of the Hamilton members, the collection in 
Clark County of residual fossils including species from several forma- 
tions, and the inclusion of the Speeds at one locality with the Sellers- 
burg, at another with the Jeffersonville, have hindered the proper 
understanding of the Indiana Devonian. 

Although Kindle (1900) defined the Jeffersonville as the limestone 
below the cement beds, in practice, he also recognized “Spirifer” 
acuminatus as the upper boundary of the Jeffersonville. In Clark 
County, and in Scott to Lexington, he used the base of the cement beds 
as the Jeffersonville boundary; consequently, he included the blue 
Speeds limestone with the Jeffersonville. He said regarding the rocks 
in the vicinity of Deputy, north of the limit of the Silver Creek: “The 
Sellersburg beds have entirely lost the lithological features which char- 
acterize them in Clark and southern Scott counties. The beds which 
correspond in stratigraphical position to them are usually bluish gray 
heavy bedded limestones.” The beds referred to are equivalent to the 
North Vernon blue limestone of Borden and include the Speeds, Deputy, 
and perhaps the Swanville or Beechwood. To include them with the 
Hamilton is correct, but Borden and Kindle erred in regarding them 
as the equivalent of the Sellersburg beds at the Ohio Falls. 
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Kindle (1900) listed fossils collected immediately below the New 
Albany shale at Paris, and said: “The limestone does not differ litho- 
logically from the Jeffersonville limestone as it usually appears. We 
have, however, an essentially Hamilton fauna. ...” These fossils -are 
from the Speeds and Deputy limestones and represent the same faunal 
associations which, at Lexington and in Clark County, he included with 
the Jeffersonville. 

At Vernon, Scipio, and Burnsville he reported “Spirifer”’ acuminatus 
within 2 to 4 feet of the New Albany and concluded that the “Spirifer” 
acuminatus fauna of the Jeffersonville and the “Spirifer”’ granulosus 
[“S.”owent] fauna of the Sellersburg had mingled. He was not dealing 
with the “Spirifer”’ granulosus fauna, as it had wedged out near Lex- 
ington, but was dealing with the Speeds and Deputy faunas, between 
the New Albany shale and the “Spirifer” acuminatus zone of the Jeffer- 
sonville; the absence of the Silver Creek and the thinning of the Speeds, 
Deputy, and Beechwood explain the proximity of “Spirifer” acuminatus 
to the New Albany (sections 9-11). 

The close relationship of the Silver Creek and Beechwood implied 
by their treatment as members of the Sellersburg does not exist. Their 
fossils represent separate time divisions in the standard Hamilton 
scale, and the Beechwood species are distinct from those of all other 
Indiana Hamilton formations. The Swanville was deposited after the 
Silver Creek, and the Beechwood is separated from the Silver Creek and 
apparently from the Swanville by an erosional disconformity. 

The terms Sellersburg and Sellersburg beds, as they have been used 
practically, are each equivalent to the term Hamilton Group as used 
in this paper, which includes all the formations between the Jefferson- 
ville and New Albany. To include the Speeds, Deputy, and Swanville 
in the Sellersburg also would indicate a relationship of all the forma- 
tions that is contradicted by the different faunal associations and by 
the affinities of these faunal associations to those in other areas. 


WABASH AREA OF NORTHERN INDIANA 


Kindle (1900) correlated beds containing “Spirifer” pennatus, at 
Monticello, Delphi, and Little Rock Creek with the Sellersburg of 
southern Indiana; and beds with “Spirifer” acuminatus and other 
Jeffersonville (?) species, at Little Rock Creek, Georgetown, Pipe 
Creek, and Bunker Hill, with the Jeffersonville of southern Indiana; 
but stated that the Hamilton fauna of the Wabash area was not 
known in southern Indiana, and that “Spirifer” granulosus did not occur 
in northern Indiana. 
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Kindle (1900) reported “Spirifer”’ acuminatus abundant with many 
other species from Little Rock Creek, and abundant “Spirifer” acumina- 
tus from Georgetown. The bed with “Spirifer” acuminatus at Little 
Roek Creek is overlain by a bed with “Spirtfer” pennatus. The writer 
failed to find “Spirifer’ acuminatus at either place; but did find a 
large “Spirifer” sp., related to “Spirifer” granulosus at both places, and 
at Georgetown it was associated with Cornellites flabellus, which, with 
other species present, indicates the Hamilton age of the beds at Little 
‘ Rock Creek and Georgetown. 

Kindle (1900) collected fossils at Pipe Creek and Bunker Hill that 
he regarded as Jeffersonville species and assigned the beds to the 
Jeffersonville, but the list does not include “Spirifer” acuminatus. 
Some of the species are confined to the Wabash area, but a majority 
are common to the Hamilton of southern Indiana. “Spirifer”’ venustus, 
Parazyga hirsuta, Cyclorhina nobilis, and Camerophoria gainesi are 
exclusively Hamilton species, and they with Cornellites flabellus at 
Georgetown preclude the presence of the Jeffersonville “Spirifer” 
acuminatus in the beds to which it was credited by Kindle. On the 
evidence of the many identical species the beds at Pipe Creek and 
Bunker Hill are correlated with the Beechwood of southern Indiana. 


REPRESENTATIVE SECTIONS 


Section 1, on the Indiana side of the Ohio Falls at Jeffersonville. 


DEVONIAN 


Hamilton Ft. in. 
Onondaga 
Jeffersonville formation 
Coral zone with Meristella nasuta................0.00005 9 
SILurIAN 


Louisville dolomite 


Section 2, 6 miles north of the Ohio River, at the old Gheens quarry, in the 
northeast corner of lot 48 Clark Grant, east of the intersection of Silver Creek and 
U.S. highway 31E, on the south side of the creek. 


New Albany shale 


Hamilton 
Beechwood formation Ft. in 
Fine to coarse crystalline gray limestone.................... 1 10 
Shelly earthy limestone in uneven layers with Ambocoelia 
Conglomerate of shaly limestone, black phosphatic pebbles 
and flat cherty pebbles in a matrix that weathers to a green- 


Coarsely crystalline gray limestone with 6 inches of con- 
glomerate of black phosphatic pebbles at the base.......... 3 
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Ft. in. 


Silver Creek formation 
Thick-bedded drab hydraulic limestone without chert....... 14 


Jeffersonville formation, “Spirifer” acuminatus zone 


Section 3, the Graves quarry, half a mile southeast of section 2, in the northeast 
corner of lot 34 Clark Grant. 


New Albany shale 


Hamilton Ft. in. 
Swanville formation 
Blue crystalline limestone with pyrite; “Spirifer” nsp. Rhipi- 

domeila penelope, species of Zaphrentis .................. 8 
Hard gray limestone with abundant T'ropidoleptus ocarinatus 

Silver Creek formation 
Hard gray limestone weathering brownish drab; “Spirifer” 

Impure cement rock, the proportion of carbonate of lime in- 

creasing upward, and with a great abundance of chert; 

“Spirtfer” owent, Paracyclas lirata and other clams common 


Onondaga 


Jeffersonville limestone 


Section 4, quarry at the east side of Lexington, Indiana. (E.% SW.% sec. 34, 
T.3 N., R. 8 E.) 


New Albany shale 


Hamilton 
Swanville formation 
Ft. in. 
Gray limestone with abundant Tropidoleptus carinatus and 
This limestone is 6 feet thick at other places near Lexington. 
Silver Creek formation 
Hydraulic limestone, “Spirifer” oweni, Paracyclas lirata...... 4 9 
Speeds formation, blue limestone in three layers: 
(3) “Spirifer” byrnest, Hadrophyllum d’orbignyi, Athyris ful- 
(2) “Spier” sp. and other species... ... 
(1) Rhipidomella vanuxemi, Schizophoria “striatula,” Leptaena 
Other species range through all three layers. 


Onondaga 
Jeffersonville formation 


Secrion 5, a quarry on Hog Creek east of the intersection of Highways 56 and 3, 
4 miles north of Lexington. (NE% sec. 20, T.3 N., R. 8 E. 


Hamilton 
Ft. in. 
Swanville formation, “Spirifer” n.sp. common.................... 4 
Onondaga 


Jeffersonville formation 
This section shows the northern limit of the Silver Creek and the southern limit 


of the Deputy. 
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Secrion 6, at the junction of Highways 56 and 62, at Big Spring, 2% miles west 
of Hanover. 


New Albany shale 


Hamilton 
Ft. in. 
Onondaga 


Jeffersonville formation 


Section 7, half a mile west of Swanville, Jefferson County, at the intersection of 
wT 256 and the Jefferson-Scott County line. Type locality of the Swanville 
ormation. 


Hamilton 
Ft. in 


Section 8, quarry on a secondary road half a mile east of its intersection with 
Highway 3, three-fourths of a mile south of Deputy. Type locality of the Deputy. 


New Albany shale 
Hamilton Ft. in. 
Deputy formation 
Thick-bedded gray to blue limestone, weathers to light gray; 
“Spirifer” mucronatus, Cyrtina hamiltonensis............... 6 


Speeds formation 
Blue limestone in several layers with Rhipidomella vanuzxemi 


Onondaga 
Jeffersonville formation, “Spirifer”’ acuminatus abundant.......... 95 


Section 9, on Highway 3, at the Jennings-Jefferson County line, north of Graham 
Creek, north of Deputy. 


Hamilton 


Ft. in 

Silver Creek formation 

Weathered earthy limestone with “Spirifer” owent and Chonetes 

Speeds formation in several 8 3 

Onondaga 


Jeffersonville formation 
(3) Gray limestone with layers of chert near the middle, 
(2) Fine-grained gray limestone............ bia 6 
(3) Gray limestone with corals... 6 
? Geneva dolomite 
Section 10, half a mile southeast of Vernon, in the southeast angle of the junction 
of Highways 3 and 7. 
New Albany shale 


Hamilton 


n. 


| 


REPRESENTATIVE SECTIONS 


Onondaga 
Jeffersonville formation 
Light-gray limestone with chert, “Spirifer’ acuminatus 
Thick-bedded gray to drab limestone with thin color bands... . 
Drab limestone with numerous corals 


? Geneva dolomite 


Section 11, Clyde Huston’s quarry, on Highway 9, in the NE% NW% sec. 5, 
T.8 N., R. 7 E., Bartholomew County. 


New Albany shale 
Hamilton 


Beechwood formation 


Onondaga 
Jeffersonville formation 
Light-gray limestone in layers 2 inches to 1 foot thick with thin 
layers of chert; “Spirifer’ acuminatus, Atrypa reticularis and 
numerous bryozoans 13 
? Geneva dolomite 
Dark-gray fine-grained dolomite. The upper surface is undu- 
lating and at places is very irregular 10 
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ABSTRACT 


Foraminifera have been studied from more than 45 submarine cores from the 
Continental Slope and Shelf south of Georges Bank, near Nantucket Lightship, and 
south of the gorge opposite the Hudson. In most of the cores from the Continental 
Slope an Arctic fauna of late Pleistocene (Wisconsin) age has been identified, and 
this has been correlated with similar faunas reported in other cores from the North 
Atlantic, South Atlantic, and the Arabian Sea. The significance of faunal changes 
in the deeper cores, where only pelagic Foraminifera are present, is examined. Faunas 
indicating cooler water found in such cores are considered approximate correlatives 
of the true Arctic faunas found in cores from the Continental Slope. 

The basis for interpreting details of environment represented by stratigraphic 
faunal changes in the cores is discussed. Little pertinent information on the gen- 
eral ecology of living Foraminifera is available, and some interpretations based upon 
faunal changes are not necessarily valid. Studies on depth ranges of Foraminifera 
on the Continental Slope show that three general depth zones can be recognized, 
and this faunal zonation may be due to temperature control. Initial errors in 
collecting and sampling the cores are discussed. 


INTRODUCTION 
GENERAL STATEMENT 


This is the second in a series of projected papers dealing with the 
Foraminifera of submarine cores from the western North Atlantic (Fig. 
1). The cores were collected by Henry C. Stetson, of the Woods Hole 
Oceanographic Institution, and range in length up to 2.7 meters. They 
were collected during three trips of the ATLANTIs during the summer 
and autumn of 1939 and the summer of 1940. 

This study purports to augment the data pertaining to the Recent 
and late Pleistocene foraminiferal faunas in the western North Atlantic. 
In most of the cores an Arctic to sub-Arctic, presumably Pleistocene, 
fauna occurs beneath a Recent fauna. This Arctic fauna is not living 
at the present time in the region explored by coring, and its presence 
demonstrates a major change in oceanic conditions. The present paper 
is concerned with the Foraminifera and their implications only. The 
sediments from these and other cores have been studied by Stetson. 
Most of the cores have been taken from the Continental Slope, although 
a few came from the Continental Shelf, and two from the ocean basin. 
This is a reconnaissance, and the conclusions here presented should be 
evaluated accordingly. 

In order to interpret the sequence of faunas (or faunules) in the cores 
it is necessary to use the present fauna as a criterion. Available data 
on the ecologic relationships of Foraminifera are quite inadequate. The 
need for a major study of certain aspects of the ecology of the Foram- 
inifera has become increasingly apparent. Work on some phases 
of this is planned for the near future. 
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Figure 1.—Map showing locations of submarine cores 


LOCATION OF CORES 


Most of the 1939 and 1940 cores came from the Continental Slope, 
but seven are from the Continental Shelf, and two are from the ocean 
basin (Fig. 1). The 1939 cores fall into two general groups: One 
series of 17 cores came from the edge and due south of Georges Bank 
between 40° and 41° N. Lat. and 66° and 68° W. Long. A second series 
of 18 cores was collected south of Nantucket Lightship between approx- 
imately 39° and 40° N. Lat. and 69° and 70° W. Long. This second 
group extends onto the Continental Shelf and west of the Nantucket 
Lightship. Two of the cores are from the deep ocean basin between 
67° and 68° W. Long. and 35° and 36° N. Lat. During the 1940 season 
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Taste 1—Locations and depths of cores 


Core N. Lat. W. Long. Depth Length of core 
39° 57’ 00” 66° 49’ 00” 3713 m. 270 cms. 
| eer. 39° 59’ 00” 66° 49’ 00” 3100 m. 107 cms. 
errr ie 40° 09’ 00” 67° 02’ 00” 2465 m. 162 ems. 
ore 40° 23’ 50” 67° 39’ 20” 658 m. 145 ems. 
40° 21’ 00” 67° 39’ 50” 759 m. 196 ems. 
RE ee ree 40° 18’ 00” 67° 40’ 20” 933 m. 162 ems. 
40° 09’ 00” 67° 38’ 00” 1993 m. 178 cms. 
ce re 40° 08’ 00” 67° 41’ 00” 1919 m. 213 cms. 
40° 22’ 00” 67° 52’ 30” 768 m. 172 cms. 
40° 17’ 00” 67° 50’ 00” 825 m. 165 ems. 
CL ee 40° 05’ 00” 67° 52’ 10” 2194 m. 71 cms. 
ae 40° 24’ 30” 68° 08’ 00” 567 m. 54 ems. 
Rarer rr 40° 23’ 00” 68° 09’ 00” 512 m. 60 cms. 
Pe 40° 13’ 00” 68° 05’ 30” 2518 m. 158 cms. 
PDS ite corneas 40° 18’ 00” 68° 07’ 30” 1179 m. 66 cms. . 
reer 35° 05’ 00” 67° 05’ 00” 5000 m. 125 ems. 
35° 35’ 00” 67° 46’ 00” 5300 m. 118 ems. 
| Rane aes 40° 00’ 00” 69° 37’ 00” 210 m. 33 cms. 
Gets eases 39° 55’ 00” 69° 35’ 30” 567 m. 107 cms. 
39° 47’ 00” 69° 42’ 30” 1555 m. 97 cms. 
| errs 39° 50’ 20” 69° 43’ 30” 980 m. 141 ems. 
oS) Serer re 39° 54’ 00” 69° 44’ 00” 357 m. 18 cms. 
| ere 39° 52’ 30” 69° 51’ 30” 891 m. 103 cms. 
_ ee oro. 39° 52’ 30” 69° 58’ 00” 732 m. 76 cms. 
ane 39° 55’ 00” 70° 00’ 00” 750 m. 96 ems. 
39° 56’ 30” 70° 02’ 00” 366 m. 15 ems. 
| ree ee 40° 23’ 00” 70° 40’ 00” 91 m. 74 cms. 
ee rey 40° 26’ 00” 70° 36’ 00” 73 m. 64 cms. 
40° 27’ 00” 70° 30’ 00” 68 m. 72 cms. 
_ SRererpeererre 40° 32’ 00” 70° 17’ 00” 62 m. 67 cms. 
RA eresre 40° 44’ 00” 70° 28’ 30” 57 m. 144 ems. 
40° 46’ 00” 70° 31’ 00” 55 m. 113 cms. 
BD Sa antes 40° 52’ 00” 70° 41’ 00” 53 m. 48 cms. 
39° 37’ 30” 72° 30” 408 m. 130 ems. 
39° 36’ 30” 72° 25' 20” 348 m. 193 ems. 
37° 20’ 00” 74° 09’ 00” 1667 m. 123 ems. 
See? csaespee see 39° 30’ 20” 72° 19’ 00” 668 m. 136 cms. 
SPE ee 39° 29’ 00” 72° 15’ 00” 815 m. 215 ems. 
39° 18’ 00” 72° 14’ 30” 350 m. 194 ems. 
RRA reer 39° 13’ 00” 72° 15’ 30” 710 m. 232 cms. 
eared Pe 39° 08’ 00” 72° 21° 30” 902 m. 152 ems. 
39° 40” 72° 33’ 00” 1197 m. 141 ems. 
a ee 38° 57’ 20” 72° 35’ 00” 1260 m. 121 cms. ] 
37° 40’ 20” 73° 50’ 00” 1865 m. 147 ems. 
37° 45’ 20” | 73°50’ 00” 1880 m. 65 cms. 
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an attempt was made to obtain representative cores from the area south 
of Hudson Canyon and north of Delaware Bay, but owing to technical 
difficulties only 12 cores were obtained. Four of these are from Hud- 
son Canyon. The position of every core, taken from the log of the 
ATLANTIS, is given in Table 1, but not all the cores have been used in 
the present report. 

The depth of water at coring stations ranges from 53 meters on the 
Continental Shelf to 5000 meters in the ocean basin. Most of the inter- 
mediate depths, but not the geographic positions, are represented, and 
thus an almost complete traverse of the Continental Slope is shown. 
Locations of the cores were referred to the submarine topography shown 
on maps published by Veatch and Smith (1939) with only partial suc- 
cess; cores 12-39 and 17-39 are from the bottom of Oceanographer 
Canyon, cores 4-39 to 8-39 are from Lydonia Canyon, and cores 9-39 
and 10-89 are from Gilbert Canyon. (See Veatch and Smith, 1939, 
Charts IV A and B for locations.) 


METHOD OF STUDY 


The writer (Phleger, 1939, p. 1398-1400) has already discussed the 
problem of obtaining an accurate and uncontaminated sample. Any 
core with a maximum length of 10 feet represents only a small fraction 
of the thickness of the bottom sediments, particularly on the Conti- 
nental Slope. Extreme accuracy in measurement of the vertical posi- 
tions of the samples does not therefore appear necessary and may be 
misleading; moreover, it is not possible to ascertain the true top of 
many of the cores because of some fluid movement of the top 2 or 3 
inches of sediment. Also, as the core material dries, it shrinks con- 
siderably, and the problem arises whether to measure the core wet, dry, 
or in some intermediate condition. It is not feasibie to sample the wet 
core muds or clays. The distance of the samples from the approximate 
top of each core has been recorded to the nearest centimeter. 

Many of the 1939 and 1940 cores are much shorter than the maximum 
length of the coring tube, and the surface sample contained in the top 
part of such cores is probably the most important sample, faunally, 
at the present state of our knowledge. 

The initial error of any sampling where a small amount of material 
is obtained may be quite large. The diameter of the core is 2 inches, 
and the area of cross section is 3.14 square inches and it is necessary to 
assume that this provides an essentially representative section of a 
large area of the bottom. It appears unreasonable, however, to main- 
tain that the faunal assemblage for any small or large area is the same 
everywhere in each 3.14 square inches of that area. The writer has 
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faunal data from two top core samples which were collected consecu- 
tively from the same ATLANTIS station (10-39). The faunas are essen- 
tially the same but vary considerably in the presence or absence of a 
few species and in the relative abundance of others. It is nevertheless 
necessary to assume that each core is faunally representative of a large 
area, in many cases several square miles. 

The faunal results are presented quantitatively. In doing this only a 
small percentage of the actual specimens, in most samples, was actually 
counted, an effort being made to select the most representative assemblage. 
A preliminary quartering of large foraminiferal concentrates is effected by 
a simple device constructed by Miss Parker, consisting of an inclined 
trough bisected by a knife edge; the sample is divided into two approxi- 
mately equal parts when poured down the trough. After obtaining a 
sample of convenient size by repeating the splitting process, it is spread 
as evenly as possible on a picking tray having a grid system. The speci- 
mens in only a part of the squares are counted and recorded; the squares 
are staggered by some regular system so that the squares selected rep- 
resent the entire surface. This assures that no concentrations of speci- 
mens or species which may be caused by shape or size will be omitted 
from the results. This method, although not absolutely accurate, is 
adequate, and probably better than that of the original sampling of the 
population of the area involved. In the writer’s opinion it would be 
impractical and of no great value to count all the specimens in every 
sample. 

An average of between 1000 and 2000 specimens (of all species) from 
each sample has been counted in this manner. Some rare species are 
overlooked in such a procedure, but at the present time most of the 
rare species appear to be of no value in attacking the problems of distri- 
bution. A few samples have been counted twice using different frac- 
tions, and the results agree remarkably well. 

The faunal data thus obtained are divided into two groups: Pelagic 
species recorded by Cushman, Brady, and others, compose the pelagic 
group, and all other species are considered benthonic. Percentages are 
calculated for each group as a separate unit, so that each sample con- 
tains 100% pelagic specimens and 100% benthonic specimens. In addi- 
tion, the ratio of pelagic to benthonic specimens in each sample has 
been determined; this is represented as percentage of pelagic specimens. 

The actual percentage frequencies are given for those species which 
appear to be useful as temperature indicators (cold and warm) in the 
cores and for those species which have useful or interesting depth ranges 
in the surface samples (the top core samples). All the more common 
species are tabulated in Plates 1 and 2 in the following frequency groups: 


fe 


sé 
sa 


METHOD OF STUDY 1079 


less than 1%, 1-5%, 5-10%, 10-20%, 20-50%, and more than 50%. 
These latter groupings have been chosen because they appear to indicate 
fairly well the quantitative distribution trends in the cores, and a few 
frequency groups lend themselves to a method of visual graphing. 


THE FORAMINIFERA 
GENERAL STATEMENT 


The species on Plates 1 and 2 and Figures 5 and 6 represent only a 
part of the total number present in all the samples but they are the 
most common and important ones. It is mainly from these occurrence 
charts that the conclusions concerning relative water temperatures can 
be drawn. A few species not listed in the previous paper (Phleger, 
1939) are here included and discussed, and additional discussion is in- 
cluded on certain species previously mentioned. Significant difficulties 
have been encountered in attaining consistency in the identification of 
certain specimens, particularly certain forms of the Globigerinidae as 
well as some of the benthonic types. This difficulty results from an 
effort to identify and count every specimen in each sample fraction 
studied, which in most cases included many young, or at least very 
small, specimens. The variations among these small globigerinids appear 
to be very great, and the writer cannot at present assure a high degree 
either of accuracy or of consistency. However, the writer believes that 
the degree of accuracy is as good as can now be obtained. Moreover, it 
would be misleading to exclude these difficult specimens since they are 
as much a part of the sample as the larger and more easily identified 
specimens. 

RECENT FAUNA 

Limitations of bottom samples—Continuing work on the submarine 
cores has emphasized the need of better data on foraminiferal ecology. 
Qualitative data on geographic distribution are quite incomplete, and 
good quantitative faunal data on Foraminifera are almost non-existent. 
Information is available on the life habitat of only a few species of shal- 
low-water Foraminifera. The foraminiferal material studied from the 
marine bottom sediments consists entirely of tests of individuals which 
are at least not inhabiting the tests at the time they are examined. 
This fact should be stated because of certain assumptions which are 
necessary to make but which are not necessarily true. It must be 
assumed that the foraminiferal fauna in each sample represents the 
fauna living at one time either on the bottom at the position of the 
sample or in the column of water directly above it. Undoubtedly each 
sample represents an accumulation over some time, and it is not neces- 
sarily a true population for any given instant. Some of the tests may 
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be transported by currents. Mixing of faunas undoubtedly occurs, but 
in most cases this probably does not affect the conclusions involved. 
It is further important to know what percentage of the tests represents 
individuals which died and what percentage of the tests were discarded 
in the process of reproduction. It cannot be stated with certainty that 
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Ficure 2—Generalized depth ranges of benthonic Foraminifera on the 
Continental Slope 


As indicated by percentage frequency trends. Solid lines indicate greatest frequency 
occurrence; dashed lines indicate significant occurrence, but lower percentage frequency. For 
detailed occurrences see Figure 3. 


any of the smaller tests, especially of the Globigerinidae, belonged to 
young individuals. These are some of the limitations which must be 
recognized. 


Faunal depth zones—In gathering information on the distribution 
as shown in surface samples, it seems advisable to study newly obtained 
material which can be uniformly collected, prepared, and _ studied. 
Parker and Cushman are studying quantitatively the distribution of 
Foraminifera in samples collected by Stetson from the Continental Shelf. 
The present writer has quantitatively studied and analyzed the Foraminif- 
era in surface samples from the tops of cores collected by Stetson (1935 
to the present) from the Continental Slope and ocean basin of the west- 
ern North Atlantic. It has not been possible to collect large numbers 
of cores quickly for a variety of reasons, but 67 top samples have been 
analyzed, and the quantitative results are listed in Plate 1 as a prelim- 
inary report on depth distribution of species. 

These samples came from the region between Georges Bank and 
the latitude of Cape Henry (Fig. 1). The depth ranges are from 200 
meters to 3900 meters, and this represents an entire depth traverse of 
the Continental Slope. Presumably a definite relationship to depth is 
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shown for most of the species here included, and the general ranges 
indicated hold for the entire region sampled. 

The percentage frequencies for certain benthonic species and the 
relationship to depth have been tabulated for the entire region from 
Georges Bank to the.latitude of Cape May in Figure 3. Similar fre- 
quency occurrences have been tabulated for the following subdivisions 
of this general region: Georges Bank, a line south of Cape Cod, samples 
from the latitude of Chesapeake Bay, and a group of samples from the 
latitude of Delaware Bay. A study of these frequencies has demon- 
strated the existence of at least three depth zones which can be applied 
to the region as a whole and which likewise obtain in the smaller 
areal units. The frequency charts for these smaller subdivisions of 
the region are not given in this paper. Figure 2 is an interpretation of 
the data presented in the frequency curves in Figure 3. The ranges 
indicated in Figure 2 are not intended to illustrate absolute range but 
show relative frequency of occurrence. In this respect Figure 2 is a 
short summary of the major features to be gleaned by the charting of 
the actual occurrence. 

The upper slope zone has as its upper boundary 200 meters; this 
is an arbitrary limit, since this is the shallowest sample used by the 
author. The lower limit is in itself a fairly wide zone, varying in depth 
from approximately 600 to 1000 meters. This upper slope zone can 
be recognized by the presence or relative abundance of Robulus, Cassi- 
dulinoides bradyi, Bolivina subaenariensis, and Bulimina marginata. 
The presence of Robulus appears to be fairly characteristic of depths of 
600 meters or less, although one or two isolated occurrences have been 
noted in greater depths. Cassidulinoides bradyi and Bolivina subae- 
nariensis appear to be confined to depths of 1000 meters or less. Although 
Bulimina marginata has been found at all depths, the greatest percent- 
age frequencies occur in water shallower than about 700 meters; 9 of 
the 10 cases in which this species constitutes 10 per cent or more of 
the benthonic population of a sample occur in water shallower than 
700 meters. 

The middle slope zone has as its upper boundary the broad zone of 
600 to 1000 meters,—the lower boundary of the previous zone. It ex- 
tends to a depth of approximately 1600 meters. This zone is charac- 
terized by Bulimina aculeata, Bulimina exilis, and Angulogerina sp. 1 
which have the greatest percentage occurrence frequencies between 1000 
and 1600 meters. Bolivina subspinescens has its maximum between 300 
and 1500 meters depth. 

The lower slope zone is below 1600 meters and has a marked abun- 
dance of Uvigerina peregrina. This species is also abundant between 
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Ficure 3—Percentage frequency of benthonic Foraminifera 
from top samples of cores 
Plotted according to depth of water. Depth of water is horizontal co-ordi- 
nate; percentage of each species shown in vertical co-ordinates. Depth 
profile shown at top of figure, with all depths in meters. Percentages of 
species are indicated by dots; the dots are connected where species occur in 
adjacent samples. 
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700 and 1600 meters, but below 1600 meters it is the dominant ben- 
thonic form where it occurs; this lower zone can be recognized, there- 
fore, partly by the absence of species which are common or abundant 
at shallower depths. Bulimina inflata may be useful also in recognition 
of this lower slope zone. 

From 600 to 1000 meters appears to be a critical or transitional depth 
zone in these frequency distributions in the sense that many species 
of both zones occur at this depth range. 

The writer recognized these major depth zones by direct exami- 
nation of samples coming from depths which were unknown at the time 
of examination. It was possible to do this even by a cursory estimate 
of the relative frequencies and occurrences; this recognition is easier 
and more certain if actual percentage frequencies are determined. 
However, the zones are not necessarily easy to recognize; apparently the 
transition zone, 600 to 1000 meters, cannot be recognized in most cases. 

The species used in delineating the depth zones are usually considered 
benthonic, and for that reason are assumed to reflect bottom environ- 
ments. The question naturally arises as to whether these zonal distri- 
butions actually are direct adaptations to depth alone. Any controlling 
environmental factor or factors other than depth must be something 
universally associated with depth. Temperature is one very possible 
controlling factor, since it varies more or less directly with depth varia- 
tion, the lower temperatures being at the greater depths. In general, 
the greatest number and the most important frequency occurrence dis- 
continuities in the fauna occur in the so-called transitional zone at 
650 to 1000 meters. Temperature data recorded by Iselin (1936) in 
his Chesapeake Bay-Bermuda and Nova Scotia-Bermuda temperature 
sections show that the 4° to 6° C. isotherms more or less coincide 
with this depth range. Above this depth zone the isotherms are closely 
spaced and the temperature varies up to a maximum of about 26° 
C. at the surface. Below this approximate zone the isotherms are rela- 
tively far apart, and the temperature is not significantly lower with 
greater depth. It further suggests that 4° to 6° C. may be a critical 
temperature in directly limiting the distribution of some benthonic 
Foraminifera but it is also possible that the temperature acts indirectly 
by altering some other factors such as food supply. 

Annual range of temperature may be very important in limiting dis- 
tribution of Foraminifera, although there is no proof of this. Data 
showing the annual range of temperature at various depths on the 
Continental Slope have been taken from Iselin (1936, Fig. 17), and 
are here presented in Figure 4. The temperature data are for slope 
water off Chesapeake Bay. Figure 4 shows maximum annual range in 


4 
if 
| 
iW 
' 


1084 F. B PHLEGER—FORAMINIFERA FROM CONTINENTAL SLOPE 


the writer’s slope zone 1 of about 8° C.; the transition zone has a maxi- 
mum annual range of 1.5° C.; slope zone 2 has an annual range of 
about .5° C. The annual temperature range at the surface in this area 
is 15° to 17° C. The absolute temperature ranges are as follows: 


TEMPERATURE (°C) 


+400 SLOPE ZONE | 

TRANSITION SLOPE ZONE 
*|1000 
ti 
}-1200 
SLOPE ZONE 2 
1400 
SLOPE ZONE 3 


Ficure 4.—Temperature profiles of Continental Slope water 


Annual temperature range is shown by the minimum temperature curve at the left and the maxi- 
mum temperature curve at the right. Correlation with writer’s foraminiferal depth zones is indicated 
by dashed horizontal lines, showing different temperature characteristics for different zones. (Modi- 
fied after Iselin.) 


Surface 10-12° C. to 27° C. 

Slope zone 1 4.8° C. to 13° C. 

Transition zone 3.8° C. to 5.5° C. 

Slope zone 2 3.5° C. to 4° C. 

Different faunal zones are clearly within water zones of different tem- 
perature characteristics. If temperature is a primary control on faunal 
distribution, overlap ranges ef species abundance can be explained by 
overlapping temperatures and by the general trends of temperature char- 
acteristics (Fig. 4). 

These tentative conclusions concerning the general importance of 
temperature agree in principle with those reached by Parker (personal 
communication) after study of considerable foraminiferal material from 
the Continental Shelf. Natland (1933) in his paper on Foraminifera 
from off the Pacific Coast of the United States has reached a similar 
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conclusion. Cushman and Henbest (1940) also have speculated on 
such a probability. 

These apparent depth ranges might be confused with some factor 
or factors of geographic distribution, thus giving false evidence of depth 
range. The Foraminifera of the top samples were plotted according to 
geographic regions and the relationships of the geographic assemblages 
to depth were noted. The 1939 cores were grouped into one unit, the 
1936 cores from south of Cape Cod were another, and the Delaware 
Bay and Chesapeake Bay groups were the third and fourth groups. An 
examination of samples demonstrates that the depth zones apply in all 
eases. The actual depth ranges of certain species vary slightly but not 
significantly from region to region. When these data are more com- 
plete they should be useful in determining whether any great changes 
in sea level have occurred during the deposition interval represented by 
the core material. Only quite major changes could be inferred from 
the present data. 

The writer has made no guesses concerning possible changes in sea 
level, indicated in the Pleistocene faunas from the cores, for the follow- 
ing reasons: (1) It will be necessary to know exactly what factor or 
factors of the environment cause the depth zonation of species before 
older environments can be evaluated; to discover these factors consid- 
erable study of a strictly biological nature will be necessary. (2) The 
evidence at hand apparently is conflicting, if the usual assumptions are 
made. 


Discussion of species—Some interesting extensive depth ranges of 
species have been observed in the samples. Elphidiwm incertum occurs 
down to 3900 meters. Some authors believe this species is confined to 
very shallow water, primarily to depths found on the Continental Shelf. 
No significant difference occurs in frequency distribution of EZ. incertum 
in any of the depth zones covered by the writer’s samples, and in at least 
one instance it comprises 20 per cent of the benthonic Foraminifera at 
over 2000-meter depth. Cassidulina laevigata is recorded down to 2000 
meters. Nonion grateloupi, previously recorded from very shallow Conti- 
nental Shelf water and as confined to the West Indian region, occurs in 
the majority of samples down to 3900 meters. Cuibicides pseudoungeriana 
is universal in depth distribution. 

Presence of Elphidium incertum in all the samples probably could not 
have been caused by current transportation along the bottom. Few, if 
any, of the tests are eroded; this observation is not necessarily critical, 
however, since water is an effective lubricant for tests of the size of aver- 
age Foraminifera. Rafting by icebergs, as suggested by Cushman and 
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Henbest (1940, p. 47), is a possible but highly improbable method of dis- 
tribution in this region because an iceberg distribution in greater number 
and over a larger area than actually now occurs would be necessary. No 
icebergs occur over most of the area sampled by the cores. The author 


also doubts that seaweed was the agent, unless we assume it to be more . 


abundant than it now is. Thus it is reasonably concluded that Elphidium 
incertum actually has a more universal depth distribution than was previ- 
ously thought. There is no doubt, however, that the genus is more 
abundant on the Continental Shelf at present than elsewhere. The actual 
habitats of living specimens of Elphidium in this region should be deter- 
mined. 


Elphidium incertum varies from thin-shelled, punctate forms with a 
reddish-brown tint to opaque, thick-shelled, white specimens. Undoubt- 
edly, both extremes belong to the same species, since in some samples 
which contain large numbers of Elphidium incertum specimens all grada- 
tions between the two extremes have been observed. 

The failure to recognize the widespread distribution of Nonion gratel- 
oupi possibly may be explained otherwise. In previous data on distribu- 
tion of the species in the North Atlantic (Cushman, 1930, p. 10), it was 
assigned to the “West Indian region.” Since the species is very small it 
may have been lost in some of the older preparations. 

Ten or more species of Lagena occur which the writer has not attempted 
to differentiate. One or more species are present in most samples, but 
only a few specimens occur, usually constituting less than 1 per cent of 
the benthonic assemblage. In recent samples, at the tops of the cores, 
Lagena is generally more common in depths of less than 1000 meters but 
occurs below 2000 meters. 

All the smooth Bulimina specimens have been referred to a group here 
called Bulimina sps. 1 and 4, since there are at least two, and probably 
more, species represented. No attempt has been made to separate them 
at present. Distribution of this group is probably of little or no sig- 
nificance. 

ARCTIC FAUNA 

The Arctic to sub-Aretic assemblage which appears beneath the top 
of many cores is totally different from the fauna in the top samples. The 
list of typical species in the 1939 and 1940 cores needs a little revision 
from the previous lists (Phleger, 1939, p. 1402). Virgulina squammosa 
and Bolivina sp. 1 were not useful indicators of Arctic conditions in 
the 1939 and 1940 cores. The species incorrectly listed as Elphidium 
advenum var. margaritaceum is Elphidium incertum; Elphidium sp. 
should be included with EZ. incertum. Nonion grateloupi in certain cases 
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may indicate cool-temperate conditions, since it is more abundant in 
several lower core samples than in the top samples of the same cores. 
Quinqueloculina seminulum is characteristic of the Arctic fauna, but it 
is not abundant enough in most of the present cores to be useful. The 
relative abundance of Cassidulina laevigata and C. subglobosa appar- 
ently points to Arctic or very cool temperate conditions. Bolivina punc- 
tata is conspicuous in Arctic samples in three 1939 cores. The cold- 
water species are not significantly abundant in the fauna now living on 
the Continental Slope area covered by the cores. 

Uvigerina peregrina may indicate cold water in some of the lower 
samples, since it is abundant in some of the assemblages judged Arctic 
on the basis of other species. The tests vary in size and ornamentation. 
Uvigerina peregrina bradyana Cushman is here included without being 
listed separately under that name since it appears to be transitional in 
structure with typical specimens in many samples. 

For convenience more than one species is included in both Cassidulina 
laevigata and C. subglobosa, but more detailed delineation of the speci- 
mens may be of interest. 

Globigerina bulloides appears to have an inverse population ratio to 
G. inflata, G. conglomerata, and Globigerinoides rubra; the quantitative 
occurrence trend suggests that Globigerina bulloides may be adapted to 
rather colder water than any of the other species of the Globigerinidae 
listed above (Figs. 5, 6). Stubbings (1939) indicated that G. bulloides 
occurring in abundance in lower samples in cores from the Arabian Sea 
indicate colder water than now exists in that region. 

The percentage of pelagic specimens (as here delineated) is usually 
less in the Arctic samples in any core than in the top sample (Figs. 5, 6). 

Kiaer (1906) reports that Globigerina bulloides is abundant in the 
depths of the Polar Sea, and G. pachyderma and Quinqueloculina semin- 
ulum are common. The following species, although rare, are listed by 
Kiaer as characteristic: Cassiduling crassa (here included under C. sub- 
globosa), Elphidium arcticum, Pullenia sphaeroides, P. quinqueloba, 
Bolivina punctata, and Nonion labradoricum. Brady (1884, p. 429) re- 
ports Cassidulina laevigata as “one of the commonest of all Arctic Foram- 
inifera, occurring at almost every point at which soundings have been 
taken within the Arctic Circle,” and also occurring in the Antarctic. 

The Arctic fauna occurring in many cores at various levels is a strik- 
ingly different assemblage from the present one. However, the exact 
temperature conditions indicated by this assemblage are not definitely 
known. In general, it is similar to assemblages which have been reported 
by Cushman, Brady, and Kiaer from Arctic and sub- Arctic areas. No 
quantitative data on the faunal components in modern Arctic regions are 
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available, and the distribution of the various species is incompletely 
known at present. This Arctic fauna is recognized more by different 
relative abundances than by differences in species. The term warm- 
water fauna is relative to Arctic conditions and really refers to a tem- 
perate fauna. Specifically, the warm-temperate region (Phleger, 1939) 
lies in the western North Atlantic between 37° and 41° N. Lats. The 
surface water of this general region has a temperature range of approxi- 
mately 10° to 27° C. (Iselin, 1936). Arctic regions have a surface water 
temperature range of about —1.5° Cxto 10° C. 


CORE FAUNAS 


Plates 1 and 2 give the frequency distribution of the most common 
species in samples from the 1939 and 1940 cores. Figures 5 and 6 show 
the actual percentage frequency of species which appear to be the most 
important indicators of temperature conditions. The interpretation of 
these in terms of warm-water (warm-temperate) and cold-water (Arctic 
to sub-Arctic) faunas is given in graphic form in Plate 3 in which an 
attempt is made to put water temperature (as indicated by the faunas) 
on a more or less absolute basis. This does not in any way affect the 
relative temperatures as indicated between the faunas in any one core. 
A discussion of the faunas by cores follows, and only the most significant 
cores are discussed. Most of the Globigerinidae are omitted in discus- 
sion of abundant species because of their universal abundance. 


Core 1-39. The top sample contains a characteristically warm-temperate surface 
water fauna, including abundant Orbulina universa and the Globorotalidae. Sample 
2, at 33-36 cms., is transitional with Globigerina conglomerata, Globigerinoides sacu- 
lifera, G. conglobata, and the Globorotalidae common and with four other warm- 
water species rare, but with Globigerina pachyderma common and Cassidulina 
laevigata present. At 45-50 cms. the common occurrence of Cassidulina laevigata 
and the general scarcity of warm-water indicators other than Globigerina conglomerata 
suggest a continued transition assemblage. At 72-78 cms. the Arctic types are 
established—the warm-temperate types are absent or rare, and continue to the 
bottom of the core at 270 cms. In the lower six samples, 142-270 cms., this cold-water 
fauna is further characterized by abundant Uvigerina peregrina (“other uvigerinas” 
in sample 6a). 

Core 2-39. The warm-water pelagic species in the top sample are replaced by an 
Arctic assemblage in the bottom at 99-107 ems. An obvious mixture of cold- and 
warm-water species occurs at 69-75 cms. The Arctic assemblage in the bottom 
contains numerous specimens of Uvigerina peregrina in addition to Globigerina 
pachyderma. 

Core 3-39. The top three samples, down to 99 cms., have a large variety if not 
abundance of warm-water species. At 126-132 cms. these are not present, and the 
cold-water Globigerina pachyderma is common. The bottom sample, at 154-162 
ems., probably represents cold conditions also with all Globigerinidae very rare 


and Cassidulina laevigata dominant. 
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Core Number 
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Core 


Sample 


Leo 
Percentage of pelagic species 


339 7-39 (939 
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Globigerina bulloides 


Globigerina inflata 


Globigerina conglomerata 


Globigerina pachyderma 


Globigerinoides rubra 


Globigerinoides sacculifera 
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Nonion labradoricum 


Elphidium incertum 
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Cassidulina laevigata 
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Ficure 5.—Percentage frequencies of species useful as temperature indi- 


cators in 1939 cores 


Percentages of pelagic and benthonic species are calculated separately so that each 


sample contains 200%. 
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Core 4-39. The top sample has an orthodox warm-temperate fauna. At 69-75 
cms. a definite faunal change is tentatively interpreted as representing cooler 
surface water than at present. This is based mainly upon the rarity of warm pelagic 
types and upon a general increase in relative abundance of certain species thought 
to be indicative of cooler conditions. The bottom fauna, at 137-145 cms., is the same 
as the one from the top sample. 

Core 5-39. All the samples from this core appear to contain an identical fauna. 

Core 6-39. A warm-water fauna occurs in the top sample; a much cooler one at 
43-49 cms.—judged mainly on the basis of rarity of species and individuals. The 
assemblage varies somewhat in different samples but probably indicates colder surface 
water than at present, and this continues to the bottom at 162 cms. 

Core 7-39. At 60-67 cms. the assemblage represents warm-water, but the typical 
species are much less abundant than in the top. In sample 3 at 107-114 ems. a 
definite Arctic assemblage occurs, and this continues to the bottom at 178 cms. 

Core 8-39. A true Arctic fauna appears at 48-57 cms., continues to the bottom at 
213 cms. Sample 2 is partly a transitional fauna. The Arctic fauna is particularly 
marked by Globigerina pachyderma, Virgulina schreibersiana, Elphidium incertum, 
and Nonion grateloupi. 

Core 9-39. A transitional fauna appears at 60-67 cms., and a strictly cold-water 
group appearing at 102-110 cms. continues to the bottom at 172 cms. This is marked 
by an abundance of the same species as in core 8-39 with Cassidulina laevigata in 
addition. 

Core 10-39. A warm-temperate assemblage characterized by a great variety 
of pelagic species is replaced at 75-82 cms. by an Arctic fauna which contains fewer 
species and is characterized by Nonion grateloupi, N. labradoricum, Bulimina cf. 
affinis, Cassidulina laevigata, C. subglobosa, and Globigerina pachyderma. 

Core 11-39. The top sample is moderately warm. The bottom sample, 66-71 cms., 
is typically Arctic containing only Globigerina pachyderma, Elphidium incertum, 
and Cassidulina subglobosa. 

Core 12-39 contains a recent fauna throughout its length. 

Core 16-39. A warm-temperate pelagic fauna gives way abruptly to an Arctic 
fauna at 77-82 ems. which continues to the bottom at 158 cms. The Arctic fauna 
contains an abundance of Globigerina pachyderma, Cassidulina laevigata, Bolivina 
punctata, Virgulina schreibersiana, Elphidium incertum, and Nonion grateloupi. 

Core 17-39. The Arctic fauna, penetrated at the bottom 66 cms., was especially 
characterized by great rarity of the Globigerinidae, although they were in normal 
abundance in the warm-water assemblage of the top sample. 

Core 18-39. The fauna from this core is almost entirely Globorotalidae and 
Globigerinidae, and different techniques are needed to identify temperature changes. 
There is probably an Arctic fauna in the lower third-.of the core. 

Core 19-39. This deep sea core (5000 meters) contains pelagic Foraminifera 
almost exclusively. At 53-61 cms. the assemblage is warmer than that in the top 
sample, containing a greater abundance of Globorotalia hirsuta and G. truncatuli- 
noides, and Orbulina universa. The fauna at 113-118 cms. is interpreted as con- 
temporaneous with the Arctic assemblage in shallower water cores, although it is 
not an Arctic fauna. Cassidulina appears in this lower fauna. 

Core 20-39. Although this is a short core, the sample at 30-33 cms. shows colder- 
water affinities than does the top sample. This is based upon the small number of 
species present and the common occurrence of Elphidium incertum. 
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Core 25-39. The two lower samples, at 63-67 cms. and at 93-97 cms., contain a 
faunal assemblage apparently transitional between warm-temperate and sub-Arctic. 

Core 26-39. This core contains progressively colder-water faunas in each lower 
sample. At 117-123 cms. an Arctic fauna appears, and continues to the bottom at 
136-141 cms. 

Cores 27-39 and 31-39. Although very short cores, a fauna with obvious sub-Arctic 
affinities occurs at the bottom at 15-17 ems. and 12-15 cms., respectively. 

Cores 29-39 and 30-39. The lower samples contain an Arctic fauna at 93-88 cms. 
and 91-95 cms., respectively. 

Cores 32-39 to 38-39. These seven cores were taken in very shallow water on the 
Continental Shelf, and all the samples studied contain a sparse and strictly ben- 
thonic fauna. This fauna is uniform throughout all the cores and is almost certainly 
post-glacial and does not directly compare with the others discussed in this paper. 

Core 1-40. A moderately warm-water fauna exists in the upper 48 cms., and 
below this a uniformly sub-Arctic fauna occurs to the bottom. 

Core 2-40. The top sample indicates moderately warm water, containing only a 
small percentage of the usual warm-water guides. In sample 9, at 40-45 cms., an 
Elphidium incertum fauna appears, indicating cooler, but not necessarily Arctic, 
conditions. This fauna continues to the bottom at 193 cms. 

Core 3-40. This core did not extend through the warm-water fauna, although it 
is 123 cms. long. The lower three samples beneath 59 cms. may indicate relatively 
warmer water. 

Core 4-40. This core is 136 cms. long and contains the recent fauna throughout. 

Corn 5-40. The faunas differ mainly in the increase in percentage of Globigerina 
bulloides and the decrease in percentage of Globigerina conglomerata in lower samples. 
The temperature is tentatively interpreted as a slight trend toward cooler conditions. 

Core 6-40. A sub-Arctic to Arctic assemblage occurs at 39-47 ems. and continues 
to the bottom at 194 ems., with rather progressively cooler conditions noted lower 
in the core. 

Core 7-40. A transitional fauna occurs at 62-69 cms. Beneath this the fauna is 
uniformly cold water to the bottom at 232 cms. 

Core 8-40. A cold-water fauna appears in sample 2 at 56-64 cms. and continues to 
the bottom at 152 cms. 

Core 9-40. A definite trend toward warmer conditions is seen in the fauna between 
43 and 92 ems., and the fauna at 135-141 cms. is similar to the present-day one in 
the top sample. 

Core 10-40. Sample 2 at 31-37 cms. is tentatively interpreted as indicative of 
slightly warmer conditions than now prevail. The lower part of the core, 76-121 cms., 
contains a colder-water fauna. 

Core 11-40. A warm-water assemblage appears throughout the length, 147 ems. 
At 88-95 cms. the assemblage is interpreted as being a somewhat warmer-water 
fauna than the modern one. 

Core 12-40. A transitional fauna was penetrated at the bottom, 59-65 cms., and 
this indicates a trend toward colder-water conditions. 


DISCUSSION 
OCCURRENCE AND CORRELATION OF ARCTIC FAUNAS 


Faunas interpreted as typically Arctic or sub-Arctic occur at vari- 
ous distances beneath the top of the following cores: 1-39, 2-39, 
3-39, 6-39, 7-39, 8-39, 9-39, 10-39, 11-39, 16-39, 17-39, 18-39, 19-39, 
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Ficure 6—Percentage frequencies of species useful as temperature indicators in 
1939 and 1940 cores 
Percentages of pelagic and benthonic species are calculated separately so that each sample con- 
tains 200%. Percentages indicated by dots; dots are connected by lines only if same species occurs 
in adjacent samples. 


26-39, 29-39, 30-39, 1-40, 2-40, 5-40, 6-40, 7-40, 8-40, 10-40, and 
12-40 (Pl. 3). Above them occurs the Recent fauna and this is pres- 
ent through an average of 50 to 100 ems. of the sediment in the 1939 
and 1940 cores. The greatest thickness of sediment containing this 
modern fauna occurred in core 11-40 where it is continuous through 
148 ems., the length of the core. From the general geographic and topo- 
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graphic distributions of the above-listed cores, the Recent fauna prob- 
ably would have been penetrated in every case if the coring tube could 
have extended deeply enough into the ocean bottom at that place. 
The Arctic faunas beneath the Recent ones in the 1939 and 1940 cores 
are of the same type and have the same vertical relationships as those 
reported in the 1936-1938 cores and are to be correlated with those 
faunas (Phleger, 1939), as well as with the faunas in the Piggot cores 
taken across the North Atlantic (Cushman and Henbest, 1940). The 
colder-water faunas (not Arctic or sub-Arctic) reported in cores 18-39 
and 19-39 are undoubtedly to be correlated with similar faunas from 
cores in the South Atlantic (Schott, 1935) and the Arabian Sea (Stub- 
bings, 1939). It is highly probable that these were accumulated at the 
same time as the true Arctic faunas in other cores. In the writer’s opin- 
ion these Arctic faunas of the cores undoubtedly represent some stage 
of cooling in the late Pleistocene, probably Wisconsin time. It further 
appears logical that this may represent only the last Wisconsin substage. 


DEEP-SEA CORE FAUNAS 


Two of the cores in the 1939 series were collected from the ocean 
basin at depths of approximately 5000 meters (2900 fathoms). These 
cores, 18-39 and 19-39, are 125 cms. and 118 ems. long, respectively. 
In the samples studied a difference in the faunas was observed, but diffi- 
culties arose in the interpretation of them since the Foraminifera are 
almost exclusively of the pelagic type. Moreover, these are from the 
area of the Sargasso Sea and therefore in an area where no pronounced 
cooling would be expected during a time of continental glaciation, at 
least not approaching Arctic conditions. Typical forms of Globigerina 
pachyderma are not among the pelagic types. 

Stubbings (1939), in his study of the Foraminifera of six submarine 
cores from the Arabian Sea, has indicated an inverse population ratio 
between Globigerina bulloides and Globorotalia menardii. Inasmuch 
as Stubbings gives no figures of the species there is some doubt as to which 
Globigerina Stubbings has called G. bulloides, since a variety of forms 
have been given this name. According to Stubbings (1939, p. 186) 


“in comparing the cores it is sufficient to use only a few of the species as indicators 

of conditions; Globigerina bulloides, and Globorotalia menardit, as the the two 

commonest, at once suggest themselves. The former species is mainly an inhabitant 

of cold water, whereas the latter is restricted to tropical and subtropical waters. 

oe? er .. . there seems to be an inverse relationship between these two species. 
. The regression coefficients of the two species are: 


Globigerina bulloides 1.0 
Globorotalia menardii 0.49” 
By “cold water” Stubbings apparently means any water not sub- 
tropical or tropical. Using the ratio Globigerina bulloides/Globorotalia 
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menardii Stubbings suggests the presence of four “cold periods” (station 
128). 

Schott (1935) has studied several submarine cores taken from the 
basin of the South Atlantic Ocean. In this material pelagic Foraminif- 
era have been used exclusively in his delineation of colder periods, @ 
These cold periods are based upon the relative rarity of Globorotalia @ 
menardii, and the warm periods (i.e., the present) are based upon the 4 
relative abundance of G. menardii. On this basis Schott has claimed 
the presence of colder-water faunas than those now present in the region, 


In the two deep-sea cores examined by the writer in the 1939 series, @ 


and referred to above, other pelagic species belonging to the Globigerini- 
dae and Globorotalidae also appear to be useful in the latitudes from 
which the cores come. A list of the warm-water species of this type 
appears in a previous paper (Phleger, 1939, p. 1401). It is upon the 
presence or absence and relative abundance of individuals and species @ 
of these several pelagic species, then, that the presence of colder- @ 
water stages are indicated in these deep-sea cores. It is hoped that 


several more deep-sea cores of considerable length may be obtained from &§ 


the center of the western basin of the North Atlantic. 

The idea that the calcareous tests of the Foraminifera are dissolved 
at depths greater than 2000 to 2500 fathoms, suggested by Murray (1912), 
persists. These two cores and also three cores from the Bartlett Deep 
from around 2600 fathoms, studied by Cushman (1941), indicate that 
this idea is not necessarily valid. The writer has seen no evidence of @ 
solution of the tests in the top samples of even the deepest cores. 

The most conclusive evidence against solution of the calcareous tests @ 
is in the retention of the tiny spines or bases of longer spines in many @ 


of the Globigerinidae. The broken bases of the spines are sharp, not @ 
solution rounded, and other details of ornamentation are well prescrved Wim 


even in these deeper samples. 
ECOLOGY OF FORAMINIFERA 
In discussing and interpreting the assembled faunal data the con- x 
clusions must of necessity be based on inadequate ecologic data. Until @ 
a major study of the general ecology of the Foraminifera in the western J 
North Atlantic is conducted, detailed conclusions regarding oceanic con- 4 


ditions during the Pleistocene and early Recent are not possible. The @ 


author sees no possibility at the present time, for example, of determining @ 


whether any fauna or faunas indicate changes in sea level during the @ 


Pleistocene. However, it cannot be demonstrated with present informa- J 
tion that depth alone plays any significant part in the distribution of @ 
Foraminifera. Many elements constituting the Arctic fauna from cores ¥ 
on the Continental Slope are somewhat similar to those found in the @ 
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WATER TEMPERATURES AS INDICATED BY FORAMINIFERA IN 1939 AND 1940 CORES 


Extreme left of warm column on each diagram signifies tropical water temperatures; extreme right of cold column signifies 
completely arctic water temperatures; the dividing line between the two is approximately cold temperate water temperatures. 
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much shallower water of the Continental Shelf. Possibly these dis- 
tributions are due to factors other than depth. Probably temperature 
is of prime importance in distribution of the microfauna. Whether the 
temperature affects the animals directly or whether it affects the 
quantity, kind, and distribution of food cannot be answered. Pre- 
sumably a rather complex relationship exists between the foraminiferal 
population and the remaining biota, and disturbance of any biotic factor 
would disturb the assemblage of living Foraminifera. “The whole prob- 
lem of food of these forms is very largely conjecture, and is a field for 
investigation” (Cushman, 1940, p. 10). 

In differentiating the warm-temperate from the sub-Arctie to Arctic 
faunas many pelagic species are used. Little is known about the ver- 
tical distribution in the water of these pelagic forms (Phleger, 1939, 
p. 1416). It is important to know to what extent these types reflect 
environment in the surface waters, or other and deeper waters, and 
what environments they reflect. They live in some abundance in tropical 
waters of the South Atlantic, especially in the upper 100 meters (Schott, 
1935). Foraminifera have not been reported from the western North 
Atlantic by the biologists who have recently studied the plankton mate- 
rial from that area. However, the writer (1940) has recently proved 
that they are present in some numbers and can be collected and preserved 
if the proper techniques are used (Phleger, 1940). It now appears pos- 
sible, therefore, to check the vertical and areal distribution of the 
pelagic Foraminifera and their relationships to conditions of temperature, 
salinity, light penetration, and other plankton. A systematic collection 
of such material should be of inestimable value in solving many problems 
of geologic history. 

An interesting (and confusing) problem is the possibility that slightly 
different types of the same pelagic species may be adapted to different 
depths. In the Globigerinidae, particularly, the tests of what appears to 
be the same or very closely related species or varieties have a consider- 
able range in size and thickness. 

The depth at which certain Radiolaria live is apparently reflected or 
determined by the thickness of the test (Haecker, 1908); the specimens 
with thicker tests live at greater depth. Such may be the case in the 
Foraminifera. The specific gravity of the pelagic Foraminifera would 
be directly determined by the percentage of calcium carbonate which 
the animal contains. All the Foraminifera recently obtained in surface 
plankton tows belonging to Globigerinoides rubra were unusually thin 
shelled. It may be that some pelagic Foraminifera live only a part of 
their lives in surface waters and as they accumulate more calcareous 
matter sink to greater depths. 
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Pelagic marine animals do not necessarily live at or near the surface 
of the water, as many geologists have apparently assumed. The plankton, 
composed of pelagic forms, is distributed throughout the entire column 
of water from just above the bottom to the surface of the water. Prob- 
ably pelagic Foraminifera also are distributed in this general way. Car- 
penter (1875, p. 234) has made the only apparently valid observation 
pertaining to this problem known to the present writer. 


“Of the existence of living Globigerinae in great numbers in the stratum of water 
above the bottom, from 500 to 700 fathoms depth, I am able to speak with a great 
positiveness. It several times happened, during the Third Cruise of the “Porcupine” 
in 1869, that the water brought up by the water-bottle from immediately above the 
Globigerina ooze was quite turbid; and this turbidity was found (by filtration) to 
depend . . . upon the presence of multitudes of young Globigerinae which were re- 
tained upon the filter, the water passing through it quite clear.” 


Brady (1884) reports that during the Challenger Expedition a tow 
net was fastened onto a line dredge. At Challenger Station 271, dredging 
at 2425 fathoms, the following species were obtained in such a tow net: 
Globigerina bulloides, Globorotalia menardii, and Globigerinoides aequi- 
lateris and the chambers filled with the animal sarcode. Brady further 
states (p. xv): 


“That the chambers of the pelagic Foraminifera are more or less filled with sarcode 
when they reach the bottom is, I believe, generally admitted, in fact it seems im- 
possible to gainsay the direct evidence of the fact obtained by a succession of com- 
petent observers. The question that remains therefore is simply whether the animal 
continues in a vitally active condition, or is only so much dead protoplasm awaiting 
decomposition. Its preservation from rapid decay ...may be...in the low 
temperature of the sea bottom. . We find specimens of allied forms like Pul- 
vinulina elegans (Epstomina elegans) and P. menardii (Globorotalia menardi) 
side by side in the same bottom ooze, the shells and shell contents, so far as can be 
told, in exactly similar condition and with every appearance of life about them. It 
is hard to believe that those of the one species were all living when taken, and those 
of the other all dead.” 

CONCLUSIONS 


(1) Arctic foraminiferal faunas of submarine cores from the Conti- 
nental Slope occur beneath Recent faunas at the tops of the cores, are 
Pleistocene (Wisconsin), and correlate with Arctic faunas from the 1936- 
1938 cores taken by Stetson as well as the cores taken from the North 
. Atlantic by Piggot. 

(2) The faunas from two deep-sea cores, from under the Sargasso Sea 
water, are composed almost entirely of pelagic Foraminifera. Colder- 
water faunas are recognized entirely on the basis of known pelagic forms, 
and these are similar to those reported from the South Atlantic and the 
Arabian Sea. These colder-water faunas are undoubtedly to be correlated 
with the typically Arctic faunas. 

(3) Three general depth zones have been recognized on the Continental 
Slope on the basis of the frequency occurrence of the benthonic Foram- 

‘inifera. The upper slope zone extends from 200 to 600-1000 meters; 
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the middle slope zone extends from 600-1000 meters to 1500-1600 meters; 
the lower slope zone is below 1600 meters. These general zones apply 
for the region south of Georges Bank to the latitude of Chesapeake Bay 
and are little if any affected by factors of geologic distribution. 
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